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FOREWORD 


A JOURNAL devoted wholly to comparative biochemistry and 
physiology has long been greatly needed and will be wel- 
comed widely. It delights me that I have been given the 
opportunity of breaking the bottle at the launching of this 
new research ship. Biochemists and physiologists have been 
landsmen too long, content with the terra firma of mammalian 
preoccupations, but many of them are now eagerly setting 
forth on voyages of exploration throughout the phyla of the 
animal world. 

No doubt the old tradition was due to the historical fact 
that ever since the Renaissance, the time of Fernel, Para- 
celsus and Sanctorius, biochemistry and physiology developed 
primarily in connexion with the practical art of medicine. 
Their leading ideas, no less than their material support, 
were derived from the basic urge to understand the body of 
man, and if they were obliged to make experiments on non- 
human organisms they did not wander far beyond the 
mammals, though some of the lower vertebrates such as the 
amphibia and the birds proved too useful to be ignored. 
Under this’ régime a classical body of knowledge has been 
built up, and no one can fail to admire the achievement of 
the last couple of centuries. Yet there remains always 
something circumscribed about it in comparison with the 
wide-ranging evolutionary conceptions worked out in 
zoology and comparative morphology during the same 
period. Biochemistry and physiology have been neither 
Aristotelian enough nor Darwinian enough; tethered sub- 
consciously to man’s own immediate needs, they have too 
often chosen not to look at that multiplicity of living forms, 
that cornucopia of motion and colour which makes up the 
oecumenical whole of living animals. 

Not by such self-denial, however, will biology succeed 
in its deepest philosophical vocation. ‘The great founders of 
comparative physiology such as Verworn and Huxley realized 
that the true aim of biological science must be to derive 
the entire process of life’s unfolding in all its forms from the 
fundamental properties of matter and energy. To bring 
the maximum of rationality and comprehensibility into the 
universe we cannot restrict ourselves to one phylum alone, 
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the vertebrates, still less just to the mammals. 'To reduce to 
the utmost the arbitrary residuum, the alogical core of the 
universe, we need to know all the essential biochemical and 
physiological facts about all animal types—whether in the 
depths of the sea or in the highest airs and places. In life 
adapting itself to a thousand environments we must seek 
to clarify the limits of the possible and the actual, to replace 
mere given-ness by deductive formulations which “‘make 
sense’, and to establish, in the spirit of Lawrence J. 
Henderson, an ultimate understanding of the essential 
dialectical inevitability of that whole world process, of which 
life is but one part. This is a great endeavour, and what 
this Journal publishes will surely contribute to it. 

I like to think that C. B. P. would have had the sincerest 
blessing of my own teacher Frederick Gowland Hopkins— 
a man who completed at the age of eighty work on the 
pigments of the wings of Lepidoptera which he had begun 
before he was twenty. ‘Though bound for much of his life 
to the tradition and practice of medicine, or to biochemical 
studies closely bearing on it, he was always conscious of the 
vast realms of life beyond, and encouraged in every way the 
teaching of comparative biochemistry, biochemical oceano- 
graphy and limnology in his great institute at Cambridge. 
‘Thus, though he himself never tasted the joys of work at a 
marine biological station, many of his disciples did. He too 
would have liked to think of such a journal as this lying 
open before a window at a station library, one of those 
windows which look out to the open sea, vast, spacious, 
bright; stimulating thought and experiment unrestricted, 
imaginative, penetrating, victorious. 


JosEPH NEEDHAM 
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ASPECTS OF THE INTERMOULT CYCLE IN 
NATANTIANS 


B. T. SCHEER 


Department of Biology, University of Oregon and Station Zoologique, 
Villefranche-sur-Mer* 


(Received 2 January 1959) 


Abstract—(1) The stages in the intermoult cycle of the caridean natantians Leander 
xiphias, Processa acutirostris, and P. edulis edulis have been determined according to 
the modified criteria of Drach, and the duration of the stages estimated for female 
L. xiphias in the winter, and for both sexes in the spring, at Villefranche-sur-Mer. 

(2) The cycle is very much shortened in females in spring, as compared with winter, 
but the duration of individual stages relative to the whole cycle is not greatly altered. 
In spring, the cycle of males is much shorter than that of females, and the intermoult 
period (stage C) is much shorter in males, relative to the entire cycle. No evident 
difference in cycle length was noted between ovigerous and non-ovigerous females 
in spring. 

(3) The duration of the intermoult cycle and the duration of embryonic development 
are closely related in L. xiphias. Eggs are deposited in late postmoult (B) and hatched 
during early to late premoult (D, to D,). The approximate time of initiation of repro- 
ductive activity was noted for all three species. 

(4) Eyestalk removal does not appear to alter the course of the intermoult cycle in 
male, female or ovigerous female species of L. xiphias. 

(5) In all three species, the males are typically smaller than the females, and the 
ovigerous females are typically larger than the non-ovigerous females. This suggests a 
consecutive protandrous sexuality. 

(6) The chromatophore patterns of the three species are described, and a diurnal 
rhythm of colourchange is noted in the monochromatic erythrophores of the Processidae. 
The rhythm appears to be dependent on the integrity of the eyestalks. A significant 
variation in the state of dispersion of each of the four pigment types in L. xiphias was 
observed during premoult and postmoult stages. 

(7) In general, the total acid-soluble carbohydrate of the three species varies little 
in amount during the intermoult cycle; the concentration is typically 1-3 mg glucose 
equivalent per g body weight, with no evident sexual differences. Eyestalk removal, 
in stage C or D, (intermoult or early premoult), is followed by a marked increase in total 
carbohydrate, to values of 3-10 mg/g. These observations are discussed in relation 
to current views concerning the hormonal regulation of moulting and metabolism. 


Most of the work on the hormonal control of moulting and related metabolic 
processes in crustaceans has been carried out with brachyurans or macrurans; the 
studies of hormonal control of colour change have often involved natantians, but 
there has been relatively little study of metabolic processes related to moulting 


* This is the tenth in a series of papers on the hormonal control of metabolism in crustaceans: 
the work was done during tenure of a John Simon Guggenheim Memorial Fellowship. I wish 
especially to express my appreciation of the generous provision of materials and facilities by 
Professor P. Bougis and his staff at the Station Zoologique de Villefranche-sur-Mer. 
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in these decapods. Drach (1944) has examined the intermoult cycle of the prawn 
Leander serratus and set up criteria for subdivision of the cycle into stages. Scheer 
and Scheer (1954), using the same species, found some interesting correlations 
between colour and intermoult cycle stage which suggested the possibility that 
the chromatophorotrophic hormones may be involved in the control of events in 
the intermoult cycle. The present paper reports observations on the intermoult 
cycle and related phenomena of colour change, reproductive activity and carbo- 
hydrate metabolism in three species of caridean Natantia from the Mediterranean 
coast of France, viz. Processa edulis edulis (Risso), P. acutirostris (Nouvel and 
Holthuis) and Leander xiphias (Risso). The observations were made during the 
winter and spring of 1958 at Villefranche-sur-Mer on animals collected in the 
Villefranche harbour by night dredging in the Poseidonia beds. 


THE INTERMOULT CYCLE 

Drach (1939) has introduced the concept of an intermoult cycle in crustaceans, 
and developed criteria for a number of more or less distinct stages in the cycle of 
crabs (1939) and prawns (1944). In the present work, the criteria utilized for 


TABLE 1—CHARACTERISTICS OF INTERMOULT CYCLE STAGES IN NATANTIANS 


Characteristics 


Stage 


A (early postmoult) Integument soft, parchment-like, internal cones of setae of 
uropods absent.* 

B (late postmoult) Integument firm but yielding to pressure, internal cones of 
setae incomplete.* 

C, (early intermoult) Integument firm to hard, internal cones of setae nearing 
completion.* Fig. 1(a). 

C, (late intermoult) Integument hard, internal cones of setae complete,* slight 
separation of epidermis from cuticle between setae. 
Fig. 1(b). 

D, (beginning premoult) New setae present at base of old, epidermis clearly separated 


from cuticle, bases of new setae at the outer surface of the 

epidermis. Fig. 1(c). 

D, (early premoult) New setae in course of development. 

A New setae extending partly into old, their bases beginning 
to invaginate below the surface of the epidermis. Fig. 1(d). 

Dy New setae extending well into old, the bases invaginated into 

the epidermis for approximately } the length of the setae. 

Fig. 1(e). 


1 


Dy’ Bases of new setae invaginated for approximately 4 the 
length of the setae. Fig. 1(e). 
D, (middle premoult) Epidermis with a clearly developed cuticular layer. Fig. 
I(f), 1(g). 
D, (late premoult) Epidermis with a chitinous pigmented cuticular layer. 
Fig. 1(f). 
D, (final premoult) The old carapace separates readily from the new cuticle on ae 


slight pressure. 


* In certain species, including the Processidae studied here, the internal cones are not evident. 
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L. serratus by Drach (1944) were modified somewhat in accordance with suggestions 
made in personal communications by Drach. The modified criteria are presented 


in Table 1. 


New seta 
Epidermis 


Cuticle 
Old seta 


De 
Pigmented layer 


Bg of new cuticle 


New 
cuticle 


—~Compieted pigmented layer 
of new cuticle 


(g) 


Fic. 1. Development of integumentary setae in a natantian uropod in relation to the 
stages of the intermoult cycle. (a)-(f) Processa edulis. (g) Leander xiphias. 


These stages can be determined with ease in the living animal by palpation of 
the carapace (A, B, C, D,) and microscopic examination of the transparent edge of 
an appendage such as the uropod (C,, C,, Dy, D,, Dy, Ds). For exact determinations 
of the premoult stages, it was generally found best to remove the appendage and 
mount it in sea-water for examination under the low power of a compound 
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microscope with good illumination. The determination can be made with 
somewhat greater difficulty on the intact animal with a dissecting binocular 
microscope. 

The duration of these stages in L. xiphias was determined in two series during 
the winter (January to March) and spring (April to May). In winter, counts were 
made of the total number of animals in the various stages in each of 7 collections; 
on the assumption that animals in various stages are caught with equal facility, one 
can take the proportion of animals in a particular stage as an indication of the 
relative length of that stage (Drach, 1944). In addition animals were maintained 
in the laboratory, and daily observations were made on the stage of each animal. 


TABLE 2—PROPORTIONS OF ANIMALS IN VARIOUS INTERMOULT CYCLE STAGES IN COLLECTIONS 
OF FEMALE Leander xiphias AT VILLEFRANCHE-SUR-MER DURING JANUARY—Marcu, 1958, 
AND CALCULATED DURATION OF THE STAGES, IN DAYS 


Date of Number of animals in stage Percentage of animals in stage 

lection | A] B| C Dy, |D.| | Total| A B C De, Dy | | Total 
10 Jan. —/|9j]11 5 |—| 3 28 0 32 39 18 0 11 
22 Jan —]| 4] 11 | 6 5 27 + 0 15 41 22 18 
29 Jan —|1]5 4/7 2 19 0 5 26 21 37 11 
11 Feb 1/1] 9 6 | 2 3 22 5 > 41 27 9 13 
25 Feb. 1 21 24 9 29 33 0 5 

4 Mar. 1/1/10} 17 | 1 3 33 3 3 30 52 3 9 
17 Mar. Piai 7 3 3 15 7 7 46 20 0 20 


32-3] 30-3] 10 
4-0| 4:7] 5: 

29 |27 | 9 | 11 | 89 
12 |45 | 42 | 14 | 17 | 138 


Mean percentage 

Standard deviation of the mean 
Probable duration of stage, minimum 
Probable duration of stage, maximum 


> 


In this way a definite duration could be established for the shorter stages. ‘The 
duration of stage D, was established in this way as 12-14 days, while that of D, 
was 11-12 days. ‘The proportions of animals in the various stages, and the calculated 
durations of the stages, are given in ‘Table 2. Females predominated in the winter 
collections and the data in ‘Table 2 were based exclusively on females. ‘The mean 
surface temperature of the water during this period of observations was 13-6°C 
with relatively little variation. It is of interest that the duration of the whole 
cycle, and the relative lengths of the various stages, are clearly different from the 
values obtained by Drach (1944) for L. serratus at Roscoff at a mean temperature 
of 14°C. 

Determinations of intermoult cycle stage length in the spring were made 
entirely on specimens kept in the laboratory, and may accordingly not be repre- 
sentative of the cycle as it occurs in nature. The primary aim of this study was to 
determine whether eyestalk extirpation alters the duration of any of the stages. 
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Temperatures were not recorded, but the sea temperature increased from about 
15° to about 22°C during the course of the observations, and the variation in 
aquarium temperatures was probably somewhat greater. Soon after capture of 
the animals, eyestalks were removed from approximately 80 per cent of the animals; 
the wounds were cauterized by application of a small amount of 5 per cent tri- 
chloracetic acid from a micropipette. The immediate mortality was such that 
approximately equal numbers of normal and eyestalkless animals survived. ‘The 
animals were marked by clipping off the ends of the abdominal pleonites, and kept 
in aquaria with running sea-water. Observations on cycle stage were made every 
second day. This period was used instead of daily observation to decrease the 


TaBLE 3—DURATION IN DAYS OF THE INTERMOULT CYCLE IN NORMAL AND EYESTALKLESS 
SPECIMENS OF Leander xiphias OBSERVED IN THE LABORATORY DURING APRIL—May, 1958. 
VALUES IN PARENTHESES REPRESENT THE LONGEST PERIOD IN THE STAGE FOR AN ANIMAL WHICH 
DID NOT COMPLETE THE STAGE 


Sex Male Female Ovigerous female 

Condition | Normal | Eyestalkless | Normal | Eyestalkless | Normal | Eyestalkless 
Number 6 — 4 3 — — 
Duration 3 — + 3 — — 

_& Number 3 2 1 3 1 1 
Duration + 4 12 16 (16) 18 

D, Number 2 4 1 1 + 3 
Duration 4 3 + + 7 6 

D, Number + 4+ 1 1 z 1 
Duration a + 6 4 3 (6) 

D, Number 5 1 1 1 2 — 
Duration 2 4 6 6 1 — 

D,; Number 9 1 3 1 — — 
Duration 3 2 5 4 — — 

Cycle Duration 19 20 37 37 — — 


mortality from handling which had earlier proved to be high in animals examined 
daily. ‘The results are presented in Table 3. ‘The main facts apparent from this 
table are, first, that the cycle in males is considerably shorter than that in females; 
second, that the female cycle in the spring is considerably shorter than that in the 
winter; third, that there is no marked effect of eyestalk extirpation apparent on 
the length of the cycle or of individual stages. The small number of animals 
involved renders the last conclusion of doubtful generality for normal females and 
for males in the later stages (D,, D,) of the cycle. But for males in the C to Do 
stages, and for ovigerous females in the Dg stage, there is clearly no effect of the 
operation. ‘The difference in length of cycle between males and females in spring 
is a result primarily of the facts (1) that stage C is shorter relative to the length 
of the whole cycle, in males, and (2) that the absolute length of the other stages, 
and especially the premoult stages, is less in males. ‘There is some evidence that 
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the moulting rate of the males increased substantially during the period of obser- 
vation. ‘Iwo normal males moulted twice during the period. They were captured 
in stage D} on 24 and 26 April respectively and both moulted 18 days later; they 
then went through a second complete cycle in a period of 14 days. 


REPRODUCTION 
There is no reason to suppose from the present observations that the cycle in 
ovigerous females differs notably from that in normal females. Females of L. 


1960 


Processa 
edulis 


Females | 
Oo} 


| 
| 
“10 


0 Ovigerous females} | 
— 
30) | | | 
| | 
20} | | {60 
| 
| 
Females 
0} | 440 
| Processa | | Leander | 
30 ocutirostris J xiphias 30 
20} | {20 
lof | Males | Males 10 
| | | 
| 0 


0 0204060810 2 4 0 10 2030 
Body weight, g 


Fic. 2. Frequency distribution of weight classes in relation to sex and reproductive activity 
in natantians. Ordinates: frequency in per cent. Abscissae: body weight in g. The 
percentages are based upon the following total numbers: P. acutirostris males 15, females 
17, ovigerous 26. P. edulis females 12, ovigerous 38. L. xiphias males 11, females 11, 
ovigerous 13. 


xiphias were first observed bearing eggs on 17 April, and only the largest females 
were ovigerous. The eggs were evidently shed during stage B; females in stage A 
never carried eggs while ovigerous females were observed in all subsequent stages 
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except D,. In one case normal fertilization and deposition of eggs occurred in a 
female kept in the laboratory, in stage B. The actual fertilization process occurred 
at night and was not observed. Embryonic development proceeded regularly with 
the intermoult cycle, with the eyes clearly evident by stage C. Hatching occurred 
during the premoult stage any time from Dj to the end of Ds. 

The beginning of reproductive activity of the other species was also noted, 
although no records were made of the lengthof the intermoult cycle in these species. 
P. edulis and P. acutirostris are very similar in appearance, and have only recently 
been recognized as separate species (Nouvel and Holthuis, 1957); at Villefranche 
they are generally found together in collections from the Poseidonia beds. ‘Their 
reproductive period, however, differs considerably. P. edulis females were first 
observed with eggs on 12 February and nearly all the larger specimens were 
ovigerous from that time until the end of May when the observations were 
terminated. Ovigerous females of P. acutirostris were first observed only on 5 May; 
no collections were made between 17 April and 5 May and it is possible that 
reproduction began in late April. 

It was noted that the males are generally smaller than the females in all three 
species. The weights of animals analysed for total carbohydrate are summarized in 
Fig. 2. Although there is co.isiderable overlap in range, there are clearly a 
considerable number of females of each species which are larger than any males, 
and a considerable number of ovigerous females which are larger than any non- 
ovigerous females. It should be pointed out that the lower end of the distribution 
is somewhat distorted by the fact that the animals under 100 mg in weight were 


not used for analysis. One can conclude tentatively that all three species begin life 
as males, and after reaching a certain age (size) undergo a transformation to become 
females. Larger (older) females are all mature and capable of reproduction, while 
some of the smaller ones are not. ‘These suggestions require verification by direct 
observation, but similar phenomena are known in other natantians (Dohrn, 


1950). 


COLOUR CHANGE IN RELATION TO THE INTERMOULT CYCLE 


The body colour of freshly collected female specimens of L. xiphias is a uniform 
green, with no conspicuous patterns of chromatophore arrangement in the body. 
Males are generally lighter in colour and show the striped type of pattern charac- 
teristic of other species of this genus (Knowles, 1953; Scheer and Scheer, 1954). 
In females, the chromatophores are more or less uniform in size, with no evident 
differentiation into large and small. ‘The most abundant chromatophores are 
bichromatic with dark red and yellow pigments. The red pigment is normally 
concentrated almost completely, while the yellow pigment is normally almost 
completely dispersed. When the yellow pigment is partly concentrated, it can be 
seen to occupy the same rays of the bichromatic chromatophores as does the red 
pigment, but when the yellow pigment is fully dispersed, it is uniformly distributed, 
without evident rays. Associated with the bichromatic chromatophores is a blue 
pigment which is typically fully and uniformly dispersed, and which, with the 
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yellow pigment, is responsible for the green colour of the animal. When the blue 
pigment is concentrated, its distribution appears concentric with the bichromatic 
chromatophores; it does not appear to occupy typical rays, but diffuses from a 
centre in a uniform circular pattern. ‘There are also numerous white chromato- 
phores, concentrated especially in the dorsal mid-line, along the ventral margins 
of the carapace, and in the abdominal pleonites and the uropods. ‘These leucophores 
may or may not be concentric with the bichromatics, but are clearly separate from 
and located superficially with respect to the latter. ‘The movements of each of 
the four pigments—red, yellow, blue and white—are clearly independent. Eye- 
stalk removal has little effect on the colour of the animal, except for an increased 
dispersion of the blue pigment, especially in rostrum and uropods. There is also 
little variation in body colour with the intermoult cycle, except for an increased 
dispersion of the blue pigment in stage D. Ovigerous females show marked 
dispersion of the white pigment, especially in the abdominal pleonites. 

Freshly collected specimens of P. edulis and of P. acutirostris are generally 
almost colourless and transparent in the daylight hours; at night in normal animals, 
or immediately following eyestalk extirpation, the body takes on a bright red colour, 
with some tendency to a striped pattern in the abdomen, where the red colour is 
deeper in the anterior portion of each segment. In many normal animals there is 
a well-defined white stripe extending along the dorsal mid-line, and there are 
usually irregularly distributed white spots on the ventral edges of the abdominal 
pleonites, on the uropods and along the ventral edges of the cephalothorax. The 
chromatophores which are responsible for this colour pattern are nearly all 
monochromatic, in contrast with those of other carideans (Knowles and Carlisle, 
1956). ‘There are separate erythrophores, xanthophores, leucophores and a few 
large trichromatic chromatophores incorporating red, yellow and white pigments 
in separate rays. ‘The movements of the three pigment types are independent 
and eyestalk extirpation is followed by dispersion of the red pigment, with no 
dependable change in the others. ‘The dispersion of the erythrophores persists 
only for a day or two, however, and the colour of eyestalkless animals is, after a 
few days, indistinguishable from that of normal animals. The marked diurnal 
cycle of colour change involves dispersion of red pigment to a maximum in the 
late afternoon and early evening, with concentration during the daytime. This 
cycle was not observed in eyestalkless animals. 

‘lo determine whether there is any systematic variation in the state of dispersion 
of pigment in the chromatophores such as we observed in L. serratus (Scheer and 
Scheer, 1954), the chromatophores of the distal portion of the left external uropod 
of L. xiphias were examined and counted. This region was selected because the 
chromatophores are most distinct and hence more easily counted than on the body, 
and because ‘t offered an anatomically defined area for repeated observations on 
the same individual, or comparisons between individuals. A scale similar to that 
of Hogben and Slome (1931), but ranging from 1 for a fully concentrated pigment 
to 4 for a fully dispersed pigment, was adopted. As far as possible the state of 
every chromatophore in the distal portion of the uropod was recorded, and the 
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sum of the values for each pigment divided by the number of chromatophores 
containing that pigment to obtain a chromatophore index. Determination of the 
total number was difficult in the case of the yellow pigment, and at times for the 
red pigment as well. When the yellow pigment is fully dispersed, it is quite diffuse 
and individual chromatophores cannot be distinguished with certainty; when the 
yellow pigment is fully concentrated, it is concealed by the red pigment. 
Consequently, no values below 2 were recorded for yellow pigment, and the 
numbers of chromatophores with fully expanded yellow pigment (4) may be too 
low. When the yellow values were recalculated on the assumption that every 
erythrophore also had yellow pigment, however, no change in the trend of the 


Fic. 3. Relation of the state of dispersion of the pigment of the chromatophores of a uropod 

of Leander xiphias to stage in the intermoult cycle. Ordinates, chromatophore index 

(O= fully concentrated, 4= fully dispersed). Abscissa, time in days. The solid lines 

connect the means of individual means for each stage, arbitrarily placed in the middle 

of each stage. The broken lines enclose the entire range of individual means when these 
are placed in approximately correct positions within the stages. 


results was evident, though of course actual values were different. The erythro- 
phores could readily be distinguished, except in those rare cases where most of 
the red pigment was fully dispersed, when it sometimes was difficult to determine 
the boundaries of individual chromatophores. The cyanophores are so diffuse 
that no individual values could be recorded and instead an estimate of the amount 
of visible blue pigment, on the scale of 1-4, was used. 

The variation of pigment dispersion through the intermoult cycle of L. xiphias 
is shown in Fig. 3 and Table 4. There is clearly a significant variation in each of 


2 | | 
| Blue 
ol. 1 | 
~ 
3. | 
| | 
0 0 2 Ds-4 | 
60 70 80 90 100 
Days 
the. 
. 
ome 
mae 
os 


12 B. T. SCHEER 


the four pigments. The red pigment, immediately after the moult (stage A), is 
dispersed to its normal maximum extent. This dispersion is retained, and even 
increases, into the early part of stage B, but the pigment is then rapidly concen- 
trated, reaching a minimum value in stage C which is maintained without change 
until the next moult, when there is a rapid dispersion. ‘This behaviour is the 


TABLE 4—MEAN VALUES AND DIFFERENCES IN CHROMATOPHORE INDEX IN THE VARIOUS STAGES 
OF THE INTERMOULT CYCLE OF FRESHLY COLLECTED FEMALE Leander xiphias 


Chromatophore index Probability of a 
Pigment | Stage | +standard deviation | Difference + standard error | larger difference 


Red d 2°46 + 0-13 D;-A 0-°76+0-13 0-001 
2°39 + 0:24 
1-78 + 0-09 A-C 0°58+0-17 0-005 
1-75 +0-05 B-D, 0°54+0-17 0-005 
1-65 + 0-06 
1-70 + 0-06 


Yellow -42+0- D,-A_ 1:04+0-14 


A-C 0°:70+0-15 


C-D, 0:34+0-099 


2:°69+0-21 A-B 0:67+0-23 
2°02 + 0°13 
1-94 + 0-08 
1:75 +0-06 
1:99 + 0-06 D,—-D, 0:24 + 0-087 0-01 

2-07 + 0-09 D,-A 0-62+0-20 0-005 


Blue 2:34 + 0-42 A-C 1:844+0-43 0-001 
1-40 + 0-68 
0:50 + 0:22 C-D, 0°87+0-31 0-01 
0-83 + 0°16 
1-37+0-17 D,-D, 1-01 + 0-26 0-001 
2°38 +0°18 


reverse of that of the red pigments of L. serratus, which were concentrated after 
a moult and dispersed during most of the intermoult cycle. The yellow pigment 
shows a behaviour similar but not exactly parallel to that of the red. Xanthophores 
are dispersed to their normal maximum immediately after a moult, and become 
more concentrated during stages B and C. There is a further concentration as the 
moult approaches, with maximal concentration in late D,; the moult is accompanied 
by rapid dispersion of the pigment. The white pigment also follows a similar 
pattern but does not reach its minimum dispersion until early premoult (D,), 
after which it begins to disperse gradually as the moult approaches. A curious 
aspect of the behaviour of the white pigment is the occasional appearance in 
stages B through D, of large numbers of globules of white pigment resembling 
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fully concentrated chromatophores, but with much less pigment than in typical 
leucophores. It was not clear whether these were indeed leucophores, but they 
were counted as such. Their frequency is not sufficient to influence greatly the 
mean values of ‘Table 4. ‘The blue pigment, like the others, is maximally dispersed 
at the time of the moult. However, its maximum, unlike that of the other pigments, 
is reached before D, rather than during the moult, and the minimum value is 
observed in stage C, when very few animals exhibit any blue pigmentation in the 
uropods. Again this behaviour differs from that of the blue pigment of L. serratus; 
in the latter species the blue pigment of the stripes was maximally dispersed after 
the moult, and concentrated before; that of the interspaces was maximally dispersed 
in stage C. 

Detailed observations of body chromatophores were not made for these animals. 
However, it is clear that the body chromatophores behave somewhat differently 
from those of the uropods. ‘The erythrophores of the body are in general more 
concentrated than those of the uropods, while the xanthophores and cyanophores 
of the body are more dispersed; this is doubtless adaptive in an animal which lives 
among green vegetation. It is also clear, from casual observations on eyestalkless 
animals, that the neurosecretory structures of the eyestalks are less important in 
the colour changes of L. xiphias than they are in L. serratus. On the other hand, 
in both species, there is a regular sequence of changes in pigment dispersion through 
the intermoult cycle which does not appear to be adaptive, and hence presumably 
indicates that the neurosecretory factors controlling pigment movement are secreted 
in varying amounts in the various stages of the intermoult cycle, with the maximum 
changes occurring close to the actual time of moulting. 

Similar observations were made with both species of Processa and it was not 
possible to establish any regular variation in the state of pigment dispersion with 
the intermoult cycle. ‘The marked diurnal cycle, and the fact that specimens near 
a moult tend to take on a red colour, make it unwise to conclude that there is no 
such variation; rather it appears probable that there is a variation in the state 
of body chromatophores though quantitative data on this point were not 
obtained. 


CARBOHYDRATE CONTENT 


The carbohydrate content of crabs (Cancer pagurus) in the intermoult cycle has 
been followed by Renaud (1949) using classical methods of glycogen and reducing- 
sugar determination. My observations on crabs (Carcinus maenas) show that the 
normal increases which were observed around the period of transition from late 
intermoult to early premoult can be caused to occur earlier by extirpation of 
eyestalks (Scheer, 1959). The question then arises whether natantians show the 
same variation in carbohydrate content during the intermoult cycle, and whether 
this can be influenced by eyestalk extirpation. The carbohydrate content was 
determined by the methods described earlier (Scheer, 1959) for numerous speci- 
mens of all three species in various intermoult cycle stages, and in comparable 
specimens from which the eyestalks had been removed three to ten days before 
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analysis. All animals were kept in aquaria in running sea-water with access to 
food for one to ten days before analysis. 

The results of the carbohydrate analyses are presented in Table 5. It was 
impossible in the time available to obtain adequate data for all the groups, but 
there is sufficient evidence to show, first, that there is very little variation in the 
carbohydrate content in the intermoult cycle in normal animals, and second, that 
the operation of eyestalk removal is followed by a significant increase in carbo- 
hydrate content when performed after the beginning of stage C or D, according 
to species. It appears probable that there is normally a small increase in carbo- 
hydrate content from a low value soon after moult to a maximum value in stage 
D,. The only conclusive evidence for this is seen in the ovigerous females of 
P. edulis, but the trend is evident in the limited data available for the other groups. 


DISCUSSION 

The intermoult cycle of natantians appears to be essentially similar, in its main 
outlines, to that of brachyurans, as Drach (1944) had already shown. The major 
differences seem to be two: first, Mediterranean species of natantians which I have 
studied (Leander adspersus, L. serratus, L. xiphias, Processa acutirostris, P. edulis 
edulis) feed throughout the intermoult cycle with the exception of the very brief 
period immediately before (stage D,) and after (stage A) the moult; the brachyurans 
studied by Drach (1939) and Hiatt (1948), on the other hand, fast during almost all 
of the premoult (D, to D,) and postmoult (A to B) stages, a considerably longer 
period. Second, the intermoult period (C) is generally shorter, and the premoult 
period (D) is generally longer, relative to the cycle length, in natantians than in 
brachyurans. Carlisle (Knowles and Carlisle, 1956) has suggested that there are 
two types of intermoult cycles. One is characteristic of species with seasonal 
moults, in which the intermoult is a long period of rest between moults; this he 
calls anecdysis. ‘The other is characteristic of species which moult throughout the 
year, with a short intermoult period in which the postmoult “passes imperceptibly” 
into the next premoult; this is called diecdysis. The intermoult (stage C) of the 
species studied here is clearly and easily distinguishable from the premoult (D) 
and the postmoult (A to B) and it is probable that the postmoult never passes into 
a premoult “imperceptibly”. ‘The idea that there are two types of intermoult 
period, however, one long in consequence of secretion of the moult-inhibiting 
hormone, the other short as a result of reduced secretion of this hormone, is a 
tenable one, and Carlisle (Knowles and Carlisle, 1956) has reviewed the evidence 
that the two types of cycle may be observed in the same species in different races 
(Leander serratus) or at different seasons (Carcinus maenas). ‘There is evidence in 
‘Table 3 that the intermoult stage of male L. xiphias is shorter than that of females, 
though there is no evidence that the moult-inhibiting hormone is responsible for 
the difference. 

‘The evidence which I have collected in this and the preceding paper (Scheer, 
1959) indicates that, in the two types of cycle, there is a marked difference in 
carbohydrate metabolism. In the brachyuran cycle with long intermoult and fasting 
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during pre- and post-moults, considerable glycogen is stored in the tissues, with 
a concentration level of about 10 mg/g body weight attained in early premoult (D,). 
In the natantian cycle with short intermoult with no long period of fasting, there 
is normally no such concentration, and glycogen levels do not exceed 5 mg/g. 


TaBLE 5—CARBOHYDRATE CONTENT, mg GLUCOSE EQUIVALENT/g BODY WEIGHT, OF 3 SPECIES 
OF NATANTIAN CRUSTACEANS, IN RELATION TO SEX, INTERMOULT CYCLE AND EYESTALK REMOVAL 
FO = Ovigerous females. P = probability of a larger difference 


Stage 
Species Sex| Treatment Difference + 
D, standard error 


Leander ] Normal 
xiphias 
S.E. 

Eyestalkless 
No. 
Mean 


Normal 
No. 
Mean 
S.E. 
Eyestalkless 
No. 
Mean 


Normal 
No. 


Eyestalkless C, normal- 
No. eyestalkless 
Mean ‘73 2°33 + 0:27 0-001 
S.E. 


Processa I Normal 
acutirostris No. D,, normal-— 
S.E. 5-27 + 0-40 0-001 

Eyestalkless C to D,, nor- 
No. mal—eyestalk- 
Mean less 


S.E. 3:87 + 0-69 0-001 


Normal 
No. 5 C to D,, nor- 
mal-—eyestalk- 
S.E. less 5-34+0-76] 0-001 
Eyestalkless C, M and F, 
No. 1 normal-— 
Mean 10-02 eyestalkless 
3-99 + 0-66 0-005 


fs 
P 
1-89 | 1-24 | 1-16 | 2-32 | 1-13 
0-28 
ol — |2 | — 
160 — |0-62| — | 1:20 — 
0-79 
1 2 1 1 — 
Vlean — 1-40 | 1-71 | 1-51 
: 
| 
: 
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Species 


Processa 
acutirostris 


Processa 
edulis edulis 


‘Treatment 


Normal 
No. 


Eyestalkless 
No. 
Mean 
S.E. 


Normal 


Eyestalkless 
Nx 
Mean 


Normal 


Eyestalkless 
No. 
Mean 


Stage 


Difference + 
standard error 


D, and D,, 
normal— 
eyestalkless 
3:06 +0-97 
All animals, 


D,, N-ES 
4:57 + 0-86 


0-025 


0-001 


Normal, C—D, 
1-97 + 0-58 
C, Normal— 


eyestalkless 
3:17 + 0°56 


0-001 


S.E. 


In both types of cycles, however, eyestalk removal in the late intermoult or very 
early premoult period will result in an increase in glycogen content to the 10 mg/g 
level. ‘This suggests that some factor in the eyestalk is responsible for holding 
down the glycogen level in late intermoult; the ‘diabetogenic’ hormone of 
Abramowitz et al. (1944) may reasonably be supposed to be this factor. Our 
evidence (Scheer and Scheer, 1951) concerning the mode of action of this factor 
suggested that it acts by restraining the utilization of glucose by the tissues, 
presumably for synthesis of polysaccharides. If the above hypotheses are correct, 
we may also conclude that, in brachyurans (C. maenas), macrurans (Panulirus 
pencillatus and P. japonicus) and natantians (L. xiphias, Processa acutirostris, 
P. edulis) the “diabetogenic factor” is normally active in the late intermoult period. 
‘This in turn raises the question of the identity of the diabetogenic hormone and the 
moult-inhibiting hormone, which we postulated (Scheer and Scheer, 1951). 
Either the two hormones are not identical, or the moult-inhibiting hormone is 
secreted during late intermoult in prawns. If it is secreted, the level must be such 
that eyestalk removal does not appreciably shorten the intermoult period in the 
prawn. As with nearly all questions in crustacean endocrinology, any firm con- 
clusion on these questions must await satisfactory and specific assay methods for 


A-B| C | D, | D, | Dy, 
3 5 3 3 1 
Mean 1-18 | 3-15 | 2-02 | 1-97 | 1-38 — ree: 
0-16 | 0-69 | 0-35 | 0-34 
1 5 4 1 
| | i-o4 | 251 | 5-27 | 422 
0-60 | 1-31 
P|) 
No. 1 1 3 1 3 
Mean 1-35 | 1:33 | 1-93 | 2°52 | 2:25 
0-71 0-17 
Vol. | 
2 2 l 1960 
3-02 | 3:29 | 4-42 
No. —|7 3 
Mean — | 1-39 | 3-36 | 2-71 | 2:00 | 0-005 ee a 
SE 0-18 | 0-46 | 0-93 | 0-62 ied anaes 
5 5 5 — 
2:17 | 4:56 | 4-09 | 3-03 | — 
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the factors in question, and purification at least to the stage of physiological purity, 
if not chemical. 

The evidence presented here, indicating that the chromatophores of L. xiphias 
undergo a regular cycle of changes in state of dispersion correlated with the 
intermoult cycle, is in agreement with the results reported earlier by Scheer and 
Scheer (1954) for L. serratus. In the earlier work we also gave evidence that the 
two cycles are causally related by showing a correlation between the state of 
dispersion of particular pigments and the duration of particular stages in the 
cycle. We did not have sufficient individuals to confirm this latter relation for 
L. xiphias. In general, it is well established that the state of dispersion of the 
chromatophores of crustaceans is dependent largely upon the secretion of neuro- 
secretory cells in the central nervous system and the eyestalk, and that there are 
several distinct principles involved. I therefore consider that the hypothesis 
advanced earlier (Scheer and Scheer, 1954), namely that the durati-n of certain 
portions of the intermoult cycle, and especially those portions near the time of 
ecdysis, is influenced by those same neurosecretory principles, remains the most 
reasonable one. The hypothesis is further strengthened by the recent observations 
of Chassard (1958), who found that the extent of adaptive concentration of 
chromatophores in L. squilla placed upon a white background varies with 
intermoult cycle stage. Verification of the hypothesis must still await at least 
partial purification of the principles in question and tests of their physiological 
action. 
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A COMPARISON OF BLOOD CARBONIC ANHYDRASE OF 
VARIOUS MAMMALS* 


J. L. LARIMER and K. SCHMIDT-NIELSEN 
Department of Zoology, Duke University, Durham, N.C., U.S.A. 


(Received 20 January 1959) 


Abstract—Carbonic anhydrase activity was studied in the blood of fifteen species 
of mammals ranging in body weight from about 0-006 to 600 kg. In general, the red 
cells of the small animals were found to have a higher enzyme activity than those of the 
larger species. The relationship, when considered in terms of the requirements for 
CO, transport, indicates that the enzyme is present in excess of the requirements 
even for the smaller animals with high metabolic rates. 

It is instead suggested that the enzyme could influence oxygen dissociation of 
hemoglobin due to a combination of the following factors: (a) small animals with 
high metabolic rates have the largest CO, production and the largest amount of red 
cell carbonic anhydrase. (b) Small species also have more acid sensitive hemoglobins 
(marked Bohr effect). Therefore, a rapid hydration of CO,, forming carbonic acid, 
might allow the Bohr effect in the small animals to cause the delivery of more oxygen 
to the tissues during the short time the red cells remain in the capillaries. 


INTRODUCTION 


IN the mammalian organism the enzyme carbonic anhydrase is found in consider- 
able concentrations in erythrocytes, kidney, gastric mucosa, pancreas, central 
nervous system, retina, lens, salivary glands and testis, with traces in other tissues. 
The enzyme is more concentrated in the red cells than in any of the other tissues. 
Roughton (1935, 1944) reviewed the history of the research on the red cell enzyme 
and its chemical and physical properties as well as its physiological significance. 
Davenport (1946) summarized the occurrence, levels and physiological importance 
in tissues other than blood. Van Goor (1948) surveyed the entire subject, with 
extensive literature reviews. Vallee and Altschule (1949) considered the physio- 
logical role of zinc in mammalian organisms with particular reference to carbonic 
anhydrase. The reviews of Roughton and Clark (1951) and Waygood (1955) 
contain valuable information on the chemistry and methods of assaying the enzyme. 
Recently, Maetz (1956) has reviewed the biological role of carbonic anhydrase in 
the teleosts. Also in 1956, Berliner and Orloff presented a review of carbonic 
anhydrase inhibitors. 

In spite of the extensive literature on the enzyme, there have been relatively 
few comparative studies. A comparison of the carbonic anhydrase levels of the 
red cells of several mammals was made by Meldrum and Roughton (1933). ‘The 
red cells of seven species were examined, but only three species, man, goat and ox, 
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were studied in some detail. For rat, rabbit, horse and whale determinations of 
the blood enzyme were made on one or two individuals only. Average enzyme 
units per mm® of blood were given as: rat, 1-7; rabbit, 1-21; goat, 2-8; man, 0-55; 
ox, 1:10 and horse, 0-64. These data were obtained prior to the discovery of 
plasma inhibitors (Booth, 1938) and stabilizers (Clark and Perrin, 1951). A series 
by Van Goor (1948) showed the enzyme activity of the blood of six species as 
follows: rat, 7-85—9-45; rabbit, 3-95—-5-60; man, 4-75-5-25; pig, 4:30-4-95; ox, 
4-89-5-98 and horse, 2:91-3-90 enzyme units per mm® blood. ‘The mean values 
are not given in this series, but it is apparent that the red cells of the rat possess the 
highest and those of the horse the lowest activity. Ashby (1943) listed values for 
the enzyme activity per unit volume of red cells of seven species of mammals: 
rat, 1-44; guinea pig, 0-60; cat, 1-28; dog, 0-84; man, 0-73; pig, 0-59 and beef, 
1-4-0-84 enzyme units per mm* r.b.c. The number of individuals tested and the 
range of activity found within each species were not given. It should be noted that 
the different series of determinations are not mutually comparable because different 
assay methods and units were employed. 

The present study deals with the characterization of the red cell enzyme of a 
series of fifteen species of mammals of widely different body size. At the time 
these studies were initiated, it was considered that comparative measurements of 
carbonic anydrase could perhaps shed new light on the function of the enzyme in 
respiration. It was reasoned that if a body-size dependent relationship were 
demonstrated, this might be interpreted as an adaptation to the requirements for 
CO, transport, since the rate of CO, production and exchange is related to the 
body size. Alternatively, it was thought, if no such relationship were found, the 
requirements for CO, transport associated with variations in body size can be 
accounted for by other means, and thus the enzyme level would not be a critical 
factor (Roughton, 1935). In view of the results, neither of these hypotheses seems 
completely satisfactory. It is, however, possible that carbonic anhydrase may play 
an indirect role in the supply of oxygen to the tissues. A rapid hydration of CO, 
will permit a faster and more complete unloading of oxygen in the tissue capillaries 
of those animals whose hemoglobin is particularly acid sensitive. 


MATERIALS AND METHODS 


The colorimetric procedure of Miller et al. (1950) was employed to estimate 
carbonic anhydrase. The method is a modification of the veronal-indicator 
method of Roughton and Booth (1946). The erythrocytes of 2 ml of blood were 
washed twice in 10 ml of Ringer—Locke solution by centrifugation, and the packed 
cells were transferred to 100 ml volumetric flasks and diluted to 100 ml in 0-05 
per cent peptone. Five millilitres of this hemolysate were further diluted to 100 ml 
in peptone giving a final dilution of 1:1000 of the original whole blood. ‘This 
solution was used directly for the assay of enzyme activity. Blank solutions were 
prepared by adding 0-1 ml of plasma to 100 ml of 0-05 per cent peptone. Duplicate 
hematocrit measurements were made on each blood sample. The blank reaction 
time (f)) in seconds was obtained by taking the average of twenty to thirty blank 
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readings which were made daily. The experimental reaction time (t) for each 
sample was the average of ten or more readings. Since all samples were diluted to 
10-* of the original blood, the 1 ml aliquot of solution used in the determination 
contained the enzyme from 1 yl. of whole blood. When calculated directly from 
this dilution, enzyme units per microlitre of whole blood were obtained. Since the 
comparisons of activities were based on volumes of red cells, this value was 
divided by the hematocrit reading to obtain enzyme units per microlitre of red cells. 

The animal material included the fifteen species listed in Table 1. The blood 
samples were usually taken without anaesthesia, but sodium pentothal or nembutal 
was used if necessary. Heparin (10 mg/ml) was used as an anticoagulant. All 
determinations were made at 4-5°C to give a blank reaction time of about 100 sec, 
which was found more convenient than the much longer reaction and blank times 
obtained when the reactions were run at 0°C. 

When carbonic anhydrase activities of different samples are compared, the 
comparison is facilitated when there is a linear relationship between enzyme 
activity and concentration of the enzyme source. Whether this was true with the 
method employed was tested by determining the reaction rate and activity of 
serially diluted samples. In a typical experiment the cells were washed in Ringer— 
Locke solution and diluted 1:1000; 1:2000 and 1:4000. When the enzyme was 
prepared in demineralized water containing 0-05 per cent peptone the activity 
was proportional to concentration in the dilution range employed. 


RESULTS 


The values obtained are summarized in Table 1. Mean body weights and 
enzyme levels, with the range, standard deviation and standard error, are given 


TABLE 1—CaRBONIC ANHYDRASE LEVELS IN MAMMALIAN RED CELLS 


C. A. E.U/pl.r.b.c. 
Species of Mean wt. S.D. S.E. 

specimens (g) Mean Range 
Eastern pipistrel! 6-1 12-83 12-42-13-64 0-70 0-41 
Little brown bat? 3 6:3 20-77 17-64-25-22 3:96 2-29 
White mouse*® 6 22-0 27°31 22-95-31-71 2:89 1-18 
Hamster 7 90-6 19-05 18-51—19-73 0-49 0-19 
White rat* 7 247 23-65 21-02—27-86 3-01 1-14 
Guinea pig 6 800 12-80 10-70—14-11 1-25 0-51 
Cat 5 1,770 14-32 12-30-17-38 2°33 1-04 
Rabbit 6 3,230 13-80 11-52-1638 1-79 0-73 
Dog 9 14,700 10-68 7:60-13-98 1-85 0-62 
Sheep 5 30,000 24-47 14-47—26-50 5-10 2:28 
Man 7 70,600 9-54 8-59-10-32 0-77 0-29 
Swine 8 113,000 8-54 7:64-9:34 0-62 0-22 
Beef 8 406,000 13-79 7:45-27-63 6-64 2°35 
Mule + 601,000 4-72 4:57-4:88 0-13 0-07 
Horse 2 521,000 2-41 2:34-2°47 — 


(1) Pipistrellus subflavus (2) Myotis lucifugus (3) Strain A (4) Osborn—Mendel 
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for each species. ‘he animals are arranged in order of increasing body size. The 
range of enzyme activity varies from 27-31 (mouse) to 2-41 (horse) units per micro- 
litre of red cells. It can be seen that, with the exception of the blood of sheep, 
eastern pipistrel and beef, the smaller species generally have a higher level of 
enzyme activity than the large species. It should also be noted that there is marked 
variability in enzyme activity within some of the species. This is particularly 
striking in the case of the blood of sheep and beef (ruminants), where the values 
range from 14-47-2650 for the sheep and 7-45—27-63 for the blood of beef. In 
comparison, the enzyme activity of other species is remarkably constant, for example 
the values for hamster, swine and man. 

A comparison of the present values with those quoted by previous investigators 
cannot be made directly since different assay methods were used. If the species 
are arranged in order of decreasing enzyme content of their red cells, one finds a 
good agreement between our data and those of Van Goor (1940) and Ashby (1953) 
with the exception of the value for guinea-pig blood which was found to contain 
a comparatively higher activity than that quoted by previous workers. 


DISCUSSION 

Although the data do not show a consistent correlation between enzyme activity 
and body size, there is evident a tendency for larger animals to have lower amounts 
of enzyme in the blood. In the interpretation of the data it seems reasonable to 
relate a possible explanation to the well-known fact that metabolic rate per unit 
body weight is lower in the animal of large body size. 

It is generally agreed that the carbonic anhydrase level does not limit the rate 
of CO, transfer in mammals, in other words, the enzyme is present in amounts far 
in excess of those needed for CO, transport. However, there is possibly an 
adaptive relationship between the activity of carbonic anhydrase and the effect of 
acid on hemoglobin (Bohr effect). Foreman (1954) and Riggs and ‘Tyler (1958) 
have shown that smaller animals have hemoglobins that are more acid sensitive 
(greater Bohr effect). Since carbonic anhydrase is located in the red cell, an 
extremely rapid hydration of the CO,, forming carbonic acid, will have an imme- 
diate effect on the dissociation of the acid sensitive oxyhemoglobin. 

The high rate of delivery of oxygen to the tissues in the small animal is accom- 
plished by a shorter diffusion distance from capillary to tissue cell, as shown 
by Krogh (1929), and by a higher unloading tension for oxygen as evident from 
the oxygen dissociation curve, which in the smaller animal is located further to the 
right (Schmidt-Nielsen and Larimer, 1958). The higher unloading tension in the 
smaller animal would obviously be further enhanced if the marked Bohr effect 
could be fully utilized in the short time during which the red cell remains in the 
capillary. It is therefore conceivable that the high level of carbonic anhydrase 
permits a fuller utilization of the Bohr effect of the acid sensitive hemoglobins 
of the smaller animal. 

According to this presentation, the high carbonic anhydrase activity may be 
interpreted as a mechanism for the efficient delivery of oxygen to the tissues, 
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rather than being necessary for the removal of CO,, in animals possessing high 
metabolic rates. Of course, this interpretation is hypothetical, and may not be 
justified in view of the great variability found in some species. 
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Abstract—(1) The following reactions have been directly demonstrated in extracts 
from acetone powders prepared from the livers of several species of elasmobranch 
fishes: 
(i) carbamyl phosphate + ornithine - ——- citrulline 
(ii) citrulline + aspartate >urea. 
(2) There is strong circumstantial evidence that reaction (ii) proceeds by way of 
argininosuccinate and arginine. 
(3) Attempts to demonstrate a synthesis of carbamyl phosphate were unsuccessful. 


INTRODUCTION 

“ONE of the questions always asked by students of biochemistry is why some 
animals should excrete urea, some ammonia, some uric acid”, wrote Joseph 
Needham (1931). According to Needham himself the choice between these three 
end-products is determined by the conditions prevailing during embryonic rather 
than adult life. Animals whose embryonic life is lived in water excrete mainly 
ammonia or urea while those whose embryonic life is essentially terrestrial produce 
uric acid. However, the extreme toxicity of ammonia must inevitably have been 
a serious embarrassment to adult animals in the course of their migrations from 
wholly aquatic to semi-terrestrial and finally to wholly terrestrial environments. 
No animal, probably, could go on to the dry land, or even remain long away from 
the water, without being exposed to the danger of toxic ammonaemia and, indeed, 
at the amphibian level, oviposition and embryonic development still take place 
in water, so that the characteristic ureotelism of the amphibia must surely be an 
adaptation necessary to adult rather than to embryonic life. 

In the course of the development of the tadpole of the common frog, Rana sp., 
ureotelism gradually replaces an early ammoniotelism and, by the end of meta- 
morphosis, has replaced it completely (Munro, 1953). Another case of interest in 
this connexion is that of Xenopus laevis, one member of a group of wholly aquatic 
amphibians. The tadpole of Xenopus, as of any other amphibian, begins its embry- 
onic life as an essentially ammoniotelic organism and, as development proceeds, 
urea begins to replace ammonia. But instead of continually increasing as it does 
in Rana, urea formation diminishes again during the second half of the larval 


* A preliminary report of this work appeared in (1958) Nature, Lond. 181, 1591. 
+ Present address: Department of Biochemistry, University College, London, England. 
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period (Underhay and Baldwin, 1955). We have here the case of an animal that 
begins and ends its life in water, so that the detoxication of ammonia might never 
have been necessary. In the adult animal the bulk of the waste nitrogen is excreted 
in the form of ammonia but Xenopus nevertheless excretes significant quantities 
of urea (Munro, 1953), and the persistence, even in this wholly aquatic animal, 
of ureogenesis presumably betokens a truly amphibious ancestry. Experiments 
carried out in this Department (Cragg, 1952; Balinsky, 1958) have shown that if 
Xenopus is kept in damp conditions but out of water, ammonia formation is 
suppressed in favour of ureogenesis. It might be asked why, since this animal has 
made a secondary and permanent return to water, the mechanisms of ureogenesis 
have been retained. Here again the answer relates to the adult rather than to the 
embryonic form, for Xenopus is known to aestivate during the dry season and 
would scarcely be capable of doing so unless it possessed some means of combating 
the dangers of a potential ammonaemia. 

So much interest has attached to the amphibia in this connexion that there has 
long been a tendency to regard ureotelism as a mechanism that was devised at the 
amphibian level of evolution. From the amphibian stage onwards a fair picture 
can be made out for the development of the cleidoic egg and the invention of 
uricotelism, and for the persistence of ureotelism in the mammals, whose em- 
bryonic life is passed in a “private pond”’ (Needham, 1931). The change from 
ureotelism to uricotelism can, in fact, be traced in a foreshortened form within the 
class Chelonia, for here, as Moyle (1949) has shown, tortoises and turtles that 
favour moist habitats are essentially ureotelic, those which have returned to a 
wholly aquatic life (like Xenopus) have retained their ureogenic apparatus but are 
nevertheless ammoniotelic, while those which have penetrated into more arid 
habitats have replaced urea production partly or wholly by that of uric acid. 

Representative members of all groups of vertebrates from the amphibia 
upwards have received a larger or smaller amount of attention, but little work has 
been done on ureotelic fishes. Smith (1929) has shown that the lung-fishes, as 
represented by Protopterus aethiopicus, are ammoniotelic in the ordinary way, 
but excrete significant amounts of urea at the same time. ‘That they possess ureo- 
genic machinery cannot be doubted for, during the dry season, when they aestivate, 
ammonia production ceases and is replaced by a thoroughgoing ureogenesis 
(Smith, 1930). ‘There is here a close resemblance to the behaviour of Xenopus. 
We do not know how or when the Dipnoi came to acquire ureogenesis in the 
first place, but ureogenesis had clearly been developed before the amphibian level 
of evolution was reached. ‘There can be little doubt of the survival value of ureo- 
genesis to those animals which possess it, at any rate in the cases mentioned so far. 

Now among the fishes one great group, the Elasmobranchii, are wholly aquatic 
and yet uniformly and universally ureotelic. Not only do they employ urea as a 
waste product; they actually retain it to the extent of about 1 per cent in the 
freshwater and some 2-2-5 per cent in the marine species. ‘The physiological 
significance of this uraemia has been ably discussed by Smith (1935),who concludes 
that it serves a major role in osmotic regulation. This is the present-day picture, 
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but it seems likely that the osmotic role is a secondary rather than a primary 
function; how and when ureogenesis began are questions still to be answered. 

‘The mechanisms of ureogenesis are best known in mammals. ‘The discovery of 
the ornithine cycle by Krebs and Henseleit (1932) gave the first clues to the 
nature of this mechanism and Manderscheid (1933) has demonstrated the presence 
of an ornithine cycle in a tortoise and in an amphibian. Subsequent work by 
Leuthardt (1938) and Bach (1939) gave the first indications that the ornithine 
cycle as originally proposed is a much oversimplified scheme, and subsequent 
work has done much to fill in the intermediate stages that lie between ornithine 
and citrulline and between citrulline and arginine. Important reviews of the current 
situation were given by Cohen (1954) and by Adelberg and Rabinowitz (1956). 
Most difficulty attached to the identification of an intermediate compound (‘‘com- 
pound X” of Grisolia et al., 1955) which is formed from ammonia and carbon 
dioxide in the presence of ATP, Mg?* and acetyl or carbamyl glutamate. ‘This 
intermediate will react with ornithine to yield citrulline. With the discovery of 
carbamyl phosphate by Jones et al. (1955) it seems that this intermediate has at 
last been identified (Reichard and Hanshoff, 1956) so that the present position 
in the rat can be summarized by the following equations: 


acetylglutamate 


(i) CO. + NH,+ATP > carbamyl phosphate 
(ii) carbamyl phosphate + ornithine —---——————> citrulline 

(iii) citrulline + aspartate > argininosuccinate 
(iv) argininosuccinate — > arginine + fumarate 
(v) arginine —— ornithine + urea 


It was hoped that the occurrence of these reactions, all of which have been 
demonstrated in mammalian liver, would be investigated in elasmobranch livers, 
but time and conditions were such that results fell short of the target. Useful 
information has nevertheless been obtained and forms the substance of this 
communication. 


MATERIALS AND METHODS 

Most of the fishes used in this work were taken by rod and line from the 
Scripps pier at La Jolla and a few by seine netting in Mission Bay, San Diego. 
They were kept in a large, out-door tank with a plentiful supply of running sea- 
water and were generally used within a few days of capture. All were healthy and 
vigorous and were used without discrimination as to sex. ‘They were killed by 
transection of the spinal cord at the base of the skull and bled by severing the 
great blood vessels at the same time. ‘The liver was removed intact by ventral 
incision and the gall bladder removed. ‘The liver itself was blotted free from blood 
and well washed if accidentally contaminated with bile. 

Since fresh marine elasmobranch tissues contain 2-2-5 per cent of urea (wet 
weight basis) or thereabouts, it was necessary to remove this as completely as 
possible, the more so since urea and citrulline give similar colour reactions. 
Methods for working up the tissue were designed with this end in view. One 
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rather special problem arose at once. It was decided to work upon acetone powders 
similar to those used by Grisolia (1955) and Ratner (1955) for the study of ureo- 
genesis in rat liver. For the first of these the liver tissue is suspended in ice-cold 
isotonic KCl and it was necessary to decide what concentration of KCl should 
be regarded as “‘isotonic’”’ for the elasmobranchs. A little less than one-half of 
the total osmotic pressure of (marine) elasmobranch blood is due to urea (Duval, 
1925) and, moreover, urea is uniformly distributed in the blood and throughout 
the tissues (Smith, 1935). Whole blood, according to Straub (1901), is isotonic 
with 3-4°%, NaCl, the blood salts accounting for only 1-3—1-6°% NaCl (Rodier, 
1899; Bottazzi, 1906). 

Because of the uniformity of its distribution in the elasmobranch body it was 
considered that the osmotic pressure due to urea should be neglected, a decision 
in conformity with the opinion of Smith (1935) that “‘the urea functions in an 
osmotic role across the branchial lamellae, which are impermeable to it, while 
within the organism it is essentially inert”. 1-99, KCl (= 15% NaCl) was 
accordingly adopted as the isotonic medium. 


Acetone powders from washed tissue (“Type powders’) 


The chilled tissue was dispersed at 0°C in a cooled Waring blendor for 45 sec 
with a convenient volume of ice-cold 1-9°4 KCl and enough additional ice-cold 
KCl added to give approximately 5 ml/g liver. ‘The product was centrifuged 
(all preparative centrifuging was carried out in the Spinco with No. 21 rotor at 
5000 r.p.m., usually for 30 min; the rotor was always precooled to, and the chamber 
kept at, 0°C). The solid material was resuspended in its own original volume of 
isotonic KCl, i.e. 1 ml/g original tissue, and again centrifuged. After three 
such washings the solid was suspended in the smallest convenient volume of 
KCl and treated with 10-15 vol acetone at — 20°C. After most of the precipitate 
had settled, it was rapidly filtered at the pump, washed with more cold acetone, 
dried under a rubber dam for 20 min and finally broken up and transferred to a 
vacuum desiccator over alumina. After evacuation the desiccator was kept in the 
refrigerator for at least 24 hr before using the powder. The resulting dry product 
was finely ground before use and passed through a sieve with 2 mm perforations 
to remove the grosser fragments of connective tissue when necessary. ‘The yields 
of these preparations varied widely because of the extreme variability of lipid 
content of the elasmobranch liver. Some typical yields are indicated in ‘Table 1 (a). 
Usually, the products were brown in colour, sometimes a light fawn and sometimes 
almost black. 

Powders prepared in this way proved to contain trivial amounts of residual 
“preformed” urea, usually of the order of 2 «moles/g powder. ‘This was small 
enough to be ignored under the conditions used in our experiments. 


Acetone powders from unwashed tissue (‘‘Type 11 powders’’) 


These were prepared from freshly excised, chilled liver which was blended for 
1 min with 2 vol. acetone at 0°C, transferred to 8 vol. ice-cold acetone, stirred well 
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and rapidly filtered at the pump. The solid was resuspended in 10 vol. ice-cold 
acetone, stirred as before and again filtered. This last step was repeated once 
again. "lhe well-packed cake was broken up, finely powdered and stirred on large 
sheets of filter paper till all smell of acetone had disappeared, sieved and stored 
over alumina at 0°C. The yields were again variable and typical figures are shown 
in ‘Table 1 (b). In appearance the products resembled those of ‘Type I. 


‘TABLE 1—YIELDs OF (a) Type I AND (b) Type II ACETONE POWDERS 
FROM LIVERS OF VARIOUS ELASMOBRANCHS 


Species No. of Powder 
specimens (g) 

(a) Holorhinus californicus (Gill) (bat ray) 1 
2 


Platyrhinoides triseriata (Jordan and Gilbert) 5 
(Californian thornback) 5 


Rhinobatus productus (Ayres) 1 
(shovel-nosed guitar fish) | 


1 


(b) Gymnura marmorata (Cooper) (butterfly ray) 1 


1 


Mustelus californicus (Gill) 2 

(grey smoothhound) 
R. productus 1 
1 


Urobatis halleri (Cooper) (round sting-ray) 2 


In powders of this type urea was present inamounts of the orderof 100 »moles/g 
powder and, since these powders provided the enzymes involved in the formation 
of urea from citrulline by way of argininosuccinic acid and arginine, it was 
necessary to determine the amount present in each powder employed. 


Preparation of extracts 

The finely ground and, when necessary, sieved powders were extracted at 
0°C with gentle electromagnetic stirring. ‘Type I powders were extracted for 
30 min with 10 vol/g of a mixture of 3 parts isotonic KCl with 1 part 0-1M 
potassium phosphate buffer (pH 7-3) and 1 part 0-1 M NaHCO,. After centri- 
fugation pale yellow enzyme solutions, rich in protein, were obtained. 

Enzyme solutions were prepared from ‘Type II powders by extracting the 
dry acetone powder, usually 1 g, with 10 vol/g 0-02 M potassium phosphate buffer 
(pH 7-4) for 45 min. After 20-30 min centrifugation at the maximum speed of a 
clinical centrifuge, dark brown, somewhat turbid, supernatants were obtained. 
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In certain cases samples of the extracts were freeze-dried or fractionated by 
precipitation with ethanol, to yield enzyme concentrates which were similarly 
freeze-dried. 


Muscle enzyme preparation 


Some at least of the enzymes involved in ureogenesis require ATP but are 
known to be inhibited by substrate concentrations of this compound. For work on 
rat liver Grisolia (1955) and Ratner (1955) accordingly recommend the use of 
catalytic amounts of ATP in the presence of a rabbit muscle preparation containing 
the glycolysing enzymes required to rephosphorylate ADP at the expense of added 
phosphoglyceric acid. A number of experiments were made using phosphoglyceric 
acid in the presence of extracts of a commercial acetone powder of pig heart muscle 
but these extracts contained a good deal of ATP’ase activity. It was then decided 
to use an elasmobranch muscle preparation as being more appropriate to the 
particular problem. 

A shovel-nosed guitar fish weighing 3 kg was anaesthetized by injecting 17 ml 
25%, MgSO,.7H,O distributed over four sites in the tail. Three hours later the 
normal reflexes were totally abolished. The tail was severed from the body and 
skinned, yielding 430 g muscle. ‘The muscle was chilled, minced and worked up 
by the method described for rabbit muscle by Racker (1947). ‘The fraction obtained 
by ammonium sulphate precipitation between 50 per cent and 70 per cent satura- 
tion was centrifuged down, taken up in water, exhaustively dialysed, centrifuged 
and finally freeze-dried and stored under anhydrous conditions at 0°C. Pilot 
experiments showed that, in the presence of phosphoglyceric acid, the preparation 
readily catalysed the phosphorylation of adenosine monophosphate provided that 
catalytic amounts of A'T’P were introduced to initiate the formation of ADP by 
the action of myokinase. The residual A’I’P’ase activity of the preparation was 
trivial in comparison with its powers of phosphorylation. 

For use the dry powder was taken up in ice-cold 0-02 M potassium phosphate 
buffer (pH 7-4), usually at the rate of 50 mg/ml, to give a bright pink solution 
referred to here as the “glycolysing enzyme’’. The dry material contained no urea 
and retained its activity for at least three months in the cold. 

Citrulline and urea were determined by the modified forms of Archibald’s 
method (1945) recommended by Grisolia (1955) and by Ratner (1955). In the 
ordinary way citrulline and urea, though they both give the same colour though 
at different intensities, with «-zsonitrosopropiophenone under suitable conditions, 
can be determined with the aid of a calibration curve obtained for mixtures of the 
two substances, provided that the sum of their molar concentrations is constant. 
This condition is fulfilled in experiments designed to demonstrate the over-all 
conversion of citrulline into urea in tissues such as rat liver, from which enzyme 
preparations virtually devoid of urea are readily obtained. But in the case of 
elasmobranch liver the presence of preformed urea in 'l'ype II powders made it 
impossible to use this simple device. Calibration curves had, therefore, to be 
established such that the sum of urea and citrulline is constant and equivalent 
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to the amount of citrulline added in the experiment, but in the presence of the 
quantity of preformed urea found in a preliminary study of each 'T'ype II powder 
employed. 


REAGENTS AND PROCEDURE 
Fresh batches of reagents were prepared at frequent intervals and stored in the 
deep-freeze. Each reaction mixture was prepared in bulk and sub-divided into 
small containers so that small amounts could be thawed out as and when required. 
All component solutions (except NaHCO) were adjusted to pH 7:3—7-4. 


Synthesis of citrulline from NH 5, CO, and ornithine (Type 1 powder) 
‘The reaction mixture contains: 


0-04 M ATP (K salt) 
0-1 M K-phosphoglycerate 
M NH,Cl 
M .L-ornithine 
M K-acetylglutamate 
M K-phosphate buffer (pH = 7-3) 
2M MgSO, 
0-3 M NaHCO, 
Water 


Total 15 ml 


Acetylglutamate was replaced by the carbamyl derivative in some experiments. 
‘This reagent was prepared following the method of Nyc and Mitchell (1947) as 
used for the production of carbamyl aspartate. Samples of the reaction mixture, 
each of 1-5 ml, were measured into suitable test-tubes and warmed in a water 
bath at 38°C. ‘The system was then completed by adding 0-25 ml of glycolysing 
enzyme and 0-5 ml of the ‘Type I enzyme preparation, both previously warmed to 
38°C. 

After incubation for known times (usually 20-30 min) at 38°C the reaction 
was stopped by plunging the tubes into ice-water and adding 5 ml 0-5 M HClO, 
to each, mixing well and centrifuging after 5-10 min standing in ice-water. 
Citrulline was estimated in suitable samples of the supernatant. 


Synthesis of citrulline from ornithine and carbamyl phosphate (Type | powder) 


The reaction mixture consists of : 
m 
0-02 M dilithium carbamyl phosphate 2 
0:2 M K-phosphate buffer (pH = 7-3) 
0-1 M ornithine 
Water 


Total 35 ml 


Carbamyl phosphate was prepared by the method of Jones et al. (1955). No other 
reagents are necessary for this reaction. 
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Each tube received 3-5 ml of this mixture, was warmed to 38°C in a water bath 
and then received 0-5 ml of ‘Type I enzyme extract, previously warmed to 38°C. 
After 30 min incubation the reaction is stopped as before, and citrulline estimated 
in the supernatant, usually on 1 ml samples. 


Estimation of citrulline 


The sample was made up to 5 ml with distilled water and treated with 2 ml 
conc. H,SO,-H;PO, reagent (1:3 v/v) and 0-25 ml 3 per cent diacetyl-monoxime. 
After thorough mixing, the tubes were fitted with rubber bungs, each carrying a 
short length of capillary tubing, and heated in the dark for 15 min in a boiling 
water-bath. After cooling in the dark for 5-10 min readings were taken with a 
Beckmann spectrophotometer at 490 my within 20 min and the results read off 
from a calibration curve prepared for standard solutions of citrulline. 


Synthesis of urea from citrulline (Type 11 powder) 

(i) Determination of preformed uvea. Samples, usually 2 ml, were taken from 
the enzyme preparation and treated with 3 ml 8-5 per cent trichloracetic acid and 
centrifuged after standing for 5-10 min in ice-water. Urea was determined in 
samples (usually 0-5 ml) of the supernatant. 


(ii) Formation of urea from citrulline. The reaction mixture contains: 


0-1 M L-citrulline 

0-1 M aspartic acid (K salt) 

1-0 M K-phosphate buffer (pH = 7-4) 
0-066 M MgSO, 

0-025 M ATP (K salt) 

0-1 M K-phosphoglycerate 

Arginase (ca. 150 units/ml) 
Glycolysing enzyme 


5 


rid: 


| 


Total 0-0 ml 


| 


Each tube received 1 ml of the mixture, 0-5—1-0 ml of ‘Type II enzyme extract 
and water to make 2 ml. After incubation at 30°C for 30 min the reaction was 
stopped as in the preceding paragraph. 


Determination of urea 


(i) Preformed urea. 0-5 ml of the supernatant was diluted to 2 ml with water 
and treated with 10 ml H,SO,-H,PO, reagent made by mixing 90 ml conc. H,SO, 
and 270 ml conc. H,PO, and diluting to 1:1 with water. After the addition of 
0-5 ml 3 per cent «a-/sonitrosopropiophenone in ethanol the tubes were closed with 
rubber stoppers, each fitted with a short length of capillary tubing, and heated 
in the dark for 60 min in a boiling water-bath. After cooling in the dark for 15 min 
readings were taken at 540 mp in the Beckmann and results read off from a 
standard calibration curve prepared for pure urea (see Fig. 1). 
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(ii) Urea synthesized. A convenient sample of the supernatant, usually 0-5— 
1-0 ml, was diluted to 2 ml with water, treated with the H,SO,-H;PO, reagent 
and «-isonitrosopropiophenone, incubated and read in the spectrophotometer as 
before. 


540mz 


D 


% transmittance, 


Urea, 


pemole 


Fic. 1. Calibration curves for determination of urea and citrulline 
(1) urea only. 

(2) urea+ citrulline (total 1-5 mole) with no urea background. 

(3) (4) (5) as (2) but in presence of 0-75 umole, 0-95 wmole and 1:26 umole preformed 
urea respectively as background. 


Since urea and citrulline give the same colour with the reagents the spectro- 
photometer readings can only be interpreted from urea-citrulline calibration 
curves prepared in the presence of the known urea “background” (see 
Fig. 1). 


RESULTS 
Formation of citrulline from CO,, NH, and ornithine 

Many experiments were carried out in attempts to demonstrate this synthesis 
by the enzymes of ‘Type I powders but with universal failure. Longer and shorter 
periods of incubation, variations in the amounts of the reagents, higher and lower 
temperatures had no effect, nor did the addition of versene or cysteine. Replace- 
ment of acetylglutamate by the carbamyl derivative was similarly unsuccessful. 
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Dialysed extracts were also tried and attempts were made to obtain enzyme con- 
centrates by fractionation of the crude enzyme solutions with ethanol and with 
ammonium sulphate. Freeze-drying also was carried out, again without success; 
indeed, this treatment largely inactivated the enzymes responsible for other 
reactions. 

It seemed just conceivable that citrulline might be somewhat unstable under 
the experimental conditions, especially if only very small amounts were formed, 
but experiments carried out in the presence of added citrulline gave virtually 
complete recoveries in every case. 


Formation of citrulline from carbamyl phosphate and ornithine 


Following the demonstration by Jones et al. (1955) of citrulline synthesis from 
ornithine with the aid of carbamyl phosphate, attempts were made with Type I 
powder extracts, this time successfully, to repeat the results with the elasmobranch 
enzymes. Clearly, therefore, the failure to synthesize citrulline is due to a failure 
of carbamyl phosphate synthesis. 

Positive qualitative results were obtained in the earliest experiments on Hetero- 
dontus francisci (Girard) (horn shark) and P. triseriata, and quantitative data for 


960 


TABLE 2—FORMATION OF CITRULLINE FROM CARBAMYL 
PHOSPHATE AND ORNITHINE (‘TYPE I POWDERS) 


pmole citrulline/g powder 


R. productus (1) 187 


R. productus (2) 166 
H. californicus 223 
M. californicus 205 


166 


G. marmorata 


Reaction mixture: 0-1 ml 0-1 M_ ornithine; 0:2 ml 0:2 K-phosphate 
buffer (pH 7-4); 2°5 ml 0-02 M dilithium carbamyl phosphate; 0-8 ml water; 
0-5 ml extract of Type I powder. 

Incubation: 30 min at 38°C. Readings at 490 mu. 


four other species are shown in Table 2. Reagents other than carbamyl phosphate 
and ornithine were not required to effect a synthesis of citrulline but omissions of 
either of these or of the enzyme resulted in no synthesis whatever. 


Formation of urea from citrulline 


Ureogenesis from citrulline in the rat takes the following pathway: 


citrulline 
+ —> argininosuccinate > arginine —> urea 
aspartate 
Since elasmobranch tissues abound in arginase there was little prospect of 
demonstrating any formation of arginine as such. Nor, with the time and resources 
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available was it possible to demonstrate the formation or breakdown of arginino- 
succinate. In every case there was a synthesis of urea. ‘l'ypical results, representing 


four different species, are listed in ‘Table 3. 


‘TABLE 3—-FORMATION OF UREA FROM CITRULLINE AND ASPARTATE 
(Type II] powpeErs) 


| urea/g powder 


Species 
Preformed | After incubation | Synthesized 


R. productus (1) 


R. productus (2) 2 26 


M. californicus 


G. marmorata 


U. halleri 


Reaction mixture: 0-15 ml. 0-1 M t-citrulline and 0-1 .M_ K-aspartate; 0-1 ml each of M K- 
phosphate buffer (pH 7-4), 0-066 M MgSQO,, 0-025 M ATP (K salt); 0-2 ml 0-1 M K-phospho- 
glycerate; 0-1 ml arginase (=ca. 15 units); 0-1 ml glycolysing enzyme; 1 ml extract of Type II 


pow der. 
Incubation: 30 min at 30°C. Readings at 540 mu. 


TABLE 4—FORMATION OF UREA FROM CITRULLINE AND 
ASPARTATE (.M. californicus) (Type I] POWDERS) 


Reactant omitted | mole urea/g | umole urea formed/g 
powder powder 


All (preformed) 
None 
Citrulline —2 
Aspartate 

ATP 
Phosphoglycerate 
Arginase 


1 ml enzyme and 1 ml reaction mixture as for Table 3. 
Incubation: 30 min at 30°C, 


That the intermediate steps correspond to those known to take place in mamma- 
lian liver seems certain because the omission from the reaction mixture of any of 
the reactants, apart from arginase, results in an immediate cessation of urea 
formation. ‘The results obtained are shown in Table 4. Except in the experiment 
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where arginase, which is abundant in the enzyme preparations, was omitted, urea 
synthesis fell practically to zero. It is doubtful whether the trivial synthesis found 
in the absence of added ATP is significant, since no ureogenesis whatever took 
place when A'T'P was present and phosphoglycerate absent. 


DISCUSSION 

The results reported here make it tolerably certain that the reaction sequence 
from carbamyl phosphate and ornithine through to urea takes essentially the same 
pathway in the livers of various elasmobranchs as it does in rat liver. Further 
work is needed to confirm the reactions leading to the production and breakdown 
of argininosuccinate. 

The complete failure to obtain any synthesis of citrulline from CO,, NH, and 
ATP in the presence of ornithine and acetyl or carbamyl glutamate is difficult to 
account for. In reality it is the synthesis of carbamyl phosphate that remains 
undemonstrated since carbamyl phosphate and ornithine react together readily 
enough. The parts played by ATP and acetyl or carbamyl glutamate are still 
obscure, even in rat liver, so that on the basis of these purely negative results 
it cannot be claimed that this part of the whole system differs radically in the 
two tissues. It may be, of course, that differences do exist, but further work is 
obviously necessary to clarify the situation. 

Glutamic acid and glutamine were not tested; it is possible that one or both 
of these could influence urea synthesis here as they are known to do in mammalian 
livers. Glutathione too might have been tried as an activator but, unfortunately 
none was available so that work on this stage had necessarily to be postponed. 
It may be, however, that one or more of the enzymes and cofactors concerned in 
the synthesis of carbamyl phosphate is very fragile or water soluble in the case of 
the elasmobranch liver and was lost in the course of preparing the ‘l'ype I acetone 
powders. Possibly coenzyme A may play some part and will be tested in future 
experiments. 

Ureogenesis has been devised and adopted by at least two groups among the 
fishes, and seems to have made its first appearance among the fishes. ‘There is in 
the literature a single and unconfirmed report (Borei, 1935) that urea is present 
in a cyclostome, Myxine glutinosa, but against this there are a number of negative 
findings (Petromyzon sp., Krukenberg, 1881; Polistotrema stouti, personal obser- 
vation: see also Needham, 1938). Except in the lungfishes and the elasmobranchs, 
ureogenesis has never been found among the fishes, and least of all in the great 
group of telecsts. 

If, as Romer (1955) suggested, the earliest ancestral fishes lived under conditions 
of alternating rains and droughts—conditions somewhat similar to those enjoyed 
by the Dipnoi today—it may well be that all fishes were ureotelic at one time and 
that this metabolic trait has been retained in at any rate two groups while in others, 
as represented especially by the teleosts, it has, as far as is known, been abandoned. 
Conceivably the presence of arginase in the teleostean liver (Baldwin, 1936) and 
that of small amounts of urea, which may be exogenous, in the muscles (Shewan, 
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1951) is all that remains of a one-time complete ureogenic mechanism. It would 
probably be worth while to discover whether or not, apart from arginase, any of the 
enzymes or reactions participating in ureogenesis may be detectable in teleostean 
fishes. Moreover, there are many interesting fishes of types as yet unstudied, the 
tree fishes of India for example. Ureogenesis might well be of great survival 
value under their conditions of living, but we do not know if it exists among them. 
Again, there are still with us a number of species that have survived, apparently 
almost without modification, through long periods of geological time; Polypterus 
appears to have come down from the Carboniferous or thereabouts and Amia and 
Lepidosteus from the Jurassic. None of these has yet been studied from the present 
point of view. | 

‘There are, then, a number of interesting problems in this field. If the ureo- 
genesis of elasmobranchs on the one hand and that of the amphibians and mammals 
on the other have some common origin, it might be anticipated that the mechanisms 
would be substantially the same in all cases. If, on the other hand, ureogenesis 
arose independently by some genetic tour de force among the elasmobranchs, 1 
is possible that there might be demonstrable differences in the synthetic pathways. 
No such differences have so far been conclusively demonstrated. 

Clearly there is room for much more work, and the whole system requires 
investigation in amphibia, for only when the pathway of ureogenesis has been 
established in mammals, amphibians and elasmobranchs can we begin to draw 
any conclusions about the evolution of the process as we know it in the mammals. 
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Abstract—In order to test the hypothesis that in vertebrates the hypothalamic 
neuro-humoral control of the pars distalis of the hypophysis is mediated by the median 
eminence and the hypophysial portal circulation, the effect of extirpation of these 
structures on the function of pars distalis was investigated in the toad Bufo bufo (L.). 
In nine toads out of eleven with extirpated median eminence of the neurohypophysis 
and in thirty toads out of sixty-four with completely extirpated neurohypophysis, the 
pars distalis was functioning for one to several months after the operation. Extirpation 
of the median eminence was compatible with normal survival for at least one year; toads 
with totally extirpated neurohypophysis died within 5 months. Apparently, the pars 
distalis resumed functioning only when it obtained contact with the cut ends of the 
hypothalamic tracts normally terminating in the median eminence. It is suggested 
that the pars distalis activating substances that are normally liberated in the median 
eminence are produced in hypothalamic centres as a neurosecretion. 


INTRODUCTION 
PREVIOUS experiments on toads showed that the autotransplanted pars distalis of the 
hypophysis resumes its function when replaced under the median eminence of 
the neurohypophysis, but not when placed under the preoptic recess of the brain 
(Jacobsohn and Jorgensen, 1956). It was therefore assumed that the median 
eminence and the portal circulation between this structure and the pars distalis 
mediate the functional control of the hypothalamus on the pars distalis in the 
toad. In higher animals, the significance of the hypophysial portal circulation has 
been demonstrated by several investigators (see Harris, 1955; Jorgensen and 
Larsen, 1959). In further investigations on the role of the median eminence and 
the portal vessels in toads we have studied the effect of extirpation of these struc- 
tures on the function of the pars distalis. 
MATERIAL AND TECHNIQUE 

Both males and females of the common toad Bufo bufc (L.) were used. The 
operated toads were kept, singly or two together, at room temperature in glass jars. 
‘The toads were fed heart meat, meal worms or earth worms about once a week. 

In eleven toads the median eminence, only, was extirpated; in sixty-four, the 
whole neurohypophysis. ‘The operations were done under urethane anaesthesia. 


38 


| 
| 
ks 
| 
=, 
| 
Vol. | 
Be 
| 
| 
|__| 


Fic. 1. The operation area in a normal toad, which had been fixed in alcohol-formalin— 
acetic acid after injection of the vessels with an India Ink-gelatin suspension. 
Ventral view. 
ch., chiasma opticum; i. art., infundibular arteries; me. em., median eminence; op., the 
line along which the median eminence was separated from the postoptic ventricular 
floor; p. d., pars distalis; po. ve., portal vessels; r. pro., pre-optic recess. 
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The base of the brain was exposed by removing part of the parasphenoid. Before 
extirpation the median eminence was separated from the pars distalis of the 
hypophysis by means of a microscalpel made from the edge of a razor blade. 
The hypophysial portal circulation was thusinterrupted. ‘The median eminence was 
then excised from the ventricle wall by cutting through the thin transparent walls 
which surround it (Figs. 1 and 2). The cutting was made with small scissors. The 


19 weeks 


Fic. 2. Diagrams of median sections of hypothalamus and hypophysis of the toad, 
showing what happens after extirpation of the median eminence (Op. 1) and of the entire 
neurohypophysis (Op. 2). In both cases, the wound is closed by a thin, regenerated 
membrane. After Op.1 the pars nervosa is re-filled with neurosecretory substance 
(black) by secondary downgrowth of the cut fibres of the preoptic-hypophysial tract. 
The crosses indicate blood clots. 
h. f., hypothalamic floor; p. n., pars nervosa; me. em., median eminence; p. d., pars 
distalis; p. i., pars intermedia; po. ve., portal vessels; reg. m., regenerated membrane; 
reg. v., regenerated vessels; 3. v., third ventricle. 


operation gave little bleeding, mainly from the opened portal vessels. ‘Total 
neurohypophysectomy was preceded by extirpation of the pars distalis. Then the 
median eminence was separated from the hypothalamic wall and was removed 
together with the neuro-intermediate lobe by means of watchmaker’s forceps 
(Fig. 2). Generally, some bleeding resulted from the removal of the neuro- 
intermediate lobe. ‘The operation field was cleared of blood before the pars 
distalis was placed in contact with the cut fibres of the hypothalamic—hypophysial 
tract. The operations were finished by replacing the parasphenoid and closing 
the wound in the mucosa of the mouth with two stitches. All operations were made 
under the Zeiss operation microscope using up to 40 x magnification. 

The function of the pars distalis was evaluated from the length of survival and 
the state of the skin as described previously (Jacobsohn and Jorgensen, 1956). 
Inactivity of the pars distalis results immediately in inhibition of moulting followed 
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by hyperkeratinization of the skin. Later asthenia develops and death follows 
within some weeks. 

Histological examination of the brains was made on six median-eminence- 
extirpated and nine neurohypophysectomized specimens in which the pars distalis 
resumed functioning after the operation. Examination was made only on animals 
that were either killed or fixed soon enough after death to allow histological 
examination. ‘The heads were fixed in Bouin, and the brains with the pituitary 
were cut into 8 wy serial sections. Staining was made with Gomori’s chrome 
haematoxylin phloxine or aldehyde fuchsine according to Gabe (1953) with 
Hansen’s iron trioxyhaematein as a counterstain. 


RESULTS 
(1) Effect of extirpation of the median eminence 


Hyperkeratinization of the skin occurred in all of the eleven operated toads. 
In nine toads normal moulting and cornification reappeared within 1-2 weeks 
after operation, whereas two toads died after 3 and 5 weeks with typical symptoms 
of a deficient function of the pars distalis. Four toads were killed for histological 
examination after 1-2 weeks of normal appearance. The remaining five toads 
were allowed to survive. Three of these died after 3, 5 and 12 months respectively 
without symptoms of pars distalis deficiency. ‘The last two toads were killed one 
year after operation. 

The microscopic examination showed that the median eminence had been 
removed in the six examined specimens (Fig. 2). In the four toads that were 
killed 2-5 weeks after operation the anterior margin of the wound was formed by 
the thin, membraneous floor of the hypothalamus, which occupied the area in 
front of the median eminence before the operation. The edge of this membrane 
was filled with neurosecretory substance from the cut fibres of the tract, but there 
was nothing to indicate regeneration of a new median eminence. The pars distalis 
lay in contact with the wound and was well vascularized, mainly by capillaries 
coming from the capillary bed of the hypothalamic floor in front of the wound. 
Some minor areas in the pars distalis were necrotic, but most parts appeared normal. 
Because of the interruption of the hypothalamic—hypophysial tract, the pars 
nervosa contained little or—in one specimen 5 weeks after operation—no neuro- 
secretory substance. ‘The pars intermedia appeared normal. 

In the two specimens killed one year after the operation the place of the 
median eminence was occupied by a thin membrane, closing the wound (Figs. 2 
and 3). Fibres of the preoptic hypophysial tract had grown around the wound, 
also partly through the thin membrane down to the pars nervosa, which was 
again filled with neurosecretory substance. The pars distalis was vascularized 
by vessels from the operation area in the floor of the hypothalamus. 


(2) Effect of extirpation of the whole neurohypophysis 
Thirty-four toads out of sixty-four died within 1-5 weeks after the operation 
with typical symptoms of pars distalis deficiency. However, periods of normal 
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Fic. 3. Median section of a toad hypophysis, 53 weeks after extirpation of the median 
eminence. Bouin, aldehyde fuchsin-iron trioxyhaematein. 
l. n., pars nervosa; n. s., neurosecretory substance in regenerated fibres passing down 
to the pars nervosa; p. d., pars distalis; p. i., pars intermedia; reg. m., regenerated 
membrane. 


Fic. 4. Median section of a toad hypophysis, 19 weeks after extirpation of the entire 

neurohypophysis and pars intermedia. Technique as Fig. 3. n. s., meurosecretory 

substance in the cut end of the tract; p. d., pars distalis; reg. m., regenerated membrane 
over the wound. 
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moulting and cornification of the skin were observed in thirty toads. These 
animals survived for 6-22 weeks. Generally, hyperkeratinization preceded death. 
Only one toad was of normal appearance 22 weeks after the operation. It was then 
killed for histological examination. In this specimen the margin of the wound 
contained a large amount of neurosecretory substance, vascularized by some 
fairly typical neurohypophysial capillaries. It is possible that extirpation of the 
median eminence had not been complete, and that this facilitated regeneration. 

In the other eight specimens histologically examined, the median eminence 
and the neuro-intermediate lobe were absent, substituted by a regenerated, 
membraneous brain floor (Figs. 2 and 4). There was no true regeneration of a pars 
nervosa or median eminence, but neurosecretory substance had accumulated 
along the anterior wound margin, and some ingrowth of neurosecretory fibres 
into the regenerated membrane could be seen in the animals which were kept 
alive for the longest time. The pars distalis was found close to the anterior wound 
margin and was vascularized from the hypothalamic bed. In many specimens 
parts of the pars distalis appeared abnormal. Basophils were rare and parts of 
the gland were substituted by blood sinuses, cysts or connective tissue. 


DISCUSSION 
In vertebrates hypothalamic control of the pars distalis of the hypophysis is 
probably exerted by substances liberated by the median eminence of the neuro- 
hypophysis and transported to the pars distalis by the hypophysial portal vessels 
(Harris, 1955, and Nikitovitch-Winer and Everett, 1958: mammals; Benoit and 


Assenmacher, 1953: birds; Jacobsohn and Jorgensen, 1956, and Vivien and Schott, 
1958: amphibians). The neurohumors are probably chemically related to the pars 
nervosa hormones (Guillemin, 1957; Guillemin et al., 1957; Saffran et al., 1958; 
Schally et al., 1958). ‘The relationship is so close that injections of vasopressin, 
natural or synthetic, can cause release of hormones from the pars distalis of 
mammals (Martini and de Poli, 1956; McDonald and Weise, 1956; McDonald et al., 
1956; McCann and Fruit, 1957; Sobel et al., 1955) and amphibians (Jorgensen 
and Nielsen, 1958). However, separate hypothalamic structures are involved in 
the regulation of the function of the pars nervosa and the median eminence. In 
dogs, thus, hypothalamic lesions have been produced which abolished adreno- 
corticotropin secretion after stress without causing diabetes insipidus, or which 
caused diabetes insipidus without interfering with enhanced adrenocorticotropin 
secretion after stress (Hume, 1958). Also in the toad hypothalamic lesions were 
placed that either abolished the functioning of the pars distalis leaving the pars 
nervosa of normal appearance or resulted in degeneration of the pars nervosa 
without interfering with the function of the pars distalis (Barker Jorgensen, Olesen 
Larsen and Wingstrand, unpublished). 

In the present experiments on toads we extirpated the median eminence or the 
entire neurohypophysis together with the portal vessels, i.e., all structures that 
connect the hypothalamus with the pars distalis in the intact toad. Nevertheless, 
a large number of the operated toads survived in a healthy condition for such a 
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long time that the pars distalis must have been functioning. In the toads that 
passed periods of inhibited moulting and hyperkeratinization of skin after the 
operation, resumed moulting must indicate re-establishment of the hypothalamic 
control. ‘The histological examination showed that no regeneration of neuro- 
hypophysial structures took place during this short time. Hypothalamic stimulation 
of the pars distalis is thus possible also in the absence of the median eminence, 
including its pituicytes and its specialized nerve endings (described by Dawson, 
1953). Reappearance of the function of pars distalis has been observed only when 
the organ was left in close contact with the cut ends of the hypothalamic—hypo- 
physial tract. Presumably hypothalamic stimulation was therefore exerted by 
substances liberated from the cut axons and reaching the pars distalis by diffusion 
or via the blood vessels. ‘The gland is rapidly revascularized after operation. 
Direct microscopical observation on living urethane anaesthetized toads showed 
that the pars distalis capillaries were already distended two days after transplant- 
ation of the gland or section of the portal vessels. Rapid blood circulation 
reappeared in 4-7 days. ‘The blood supply to the functional glands always came 
from the wound region, that is, from the surface of the hypothalamus. ‘Thus 
substances liberated in the vicinity of the wound could already drain into the pars 
distalis a few days after operation. 

Assuming that the function of the pars distalis after extirpation of the median 
eminence was due to direct stimulation of the gland from the cut ends of the 
hypothalamic tract that normally acts via the median eminence and portal circu- 
lation we may conclude: 

(1) That the active substances are not produced and liberated from the special 
nerve end organs of the median eminence solely. 

(2) ‘That they can also be produced in the absence of the particular pituicytes 
and ependymal cells in the median eminence. 

(3) That the production of the substances can take place in more proximal 
parts of the neurons innervating the normal median eminence, probably in the 
cell body itself. 

This would imply that the hypothalamic neurons controlling the pars 
distalis in the toad have secretory properties similar to those of the neurons passing 
down to the pars nervosa; this means that both of these sets of neurons are 
neurosecretory. (Cf. Hild, 1951; Jorgensen et al., 1956 a,b). 
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Résumé—Le phosphagéne musculaire de Spirographis spallanzanii Viviani est 
constitué par l’argininephosphate. Les phosphagénes de toutes les autres Annélides 
étudiées précédemment sont d’une nature différente (phosphocréatine, phosphogly- 
cocyamine, phosphotaurocyamine) et il en est de méme de ceux d’autres Vers 
(phospholombricine). 

2. La comparaison des dérivés guanidiques des tissus (muscle ou tractus digestif) 
d’Annélides Polychétes Sédentaires ou Errantes récoltées en Bretagne et en baie de 
Naples a permis de définir les caractéres spécifiques des unes et des autres en ce qui 
concerne leurs constituants guanidiques. Ces caractéres paraissent indépendants de 
Vhabitat. 

3. Le phosphagéne d’Arca noae L. est l’argininephosphate et le muscle de ce 
Mollusque ne renferme comme dérivé guanidique libre que l’arginine, associée a de 
petites quantités d’arcaine et d’agmatine et de deux guanidines monosubstituées 
inconnues. 

4. L’origine de l’arcaine est discutée a partir des résultats obtenus sur Arca noae L. 
et sur d’autres Invertébrés, et l’hypothése de sa formation bactérienne a partir de 
l’arginine est envisagée. 

Abstract—(1) The phosphagen present in muscle of Spirographis spallanzanii 
Viviani has been identified as argininephosphate. It is thus different from all other 
phosphagens previously characterized in polychaete annelids (phosphocreatin, 
phosphoglycocyamine, phosphotaurocyamine) and in other worms (phospholombricine). 

(2) The comparison of guanidine derivatives of muscle and the digestive tract of 
various sedentary or erratic polychaetes collected in Brittany or in the bay of Naples 
allows us to define specific biochemical characters of these animals. These characters 
are independent of their habitat. 

(3) The phosphagen of Arca noae L. is argininephosphate. Muscle of this 
mollusc contains only arginine, small amounts of agmatin and arcain and two unknown 
guanidine derivatives. 

(4) The origin of arcain is discussed from the data by the study of Arca noae L. and 
of other Invertebrates. The hypothesis of the bacterial formation of arcain from 
arginine is considered. 


Av cours de travaux antérieurs sur la répartition des dérivés guanidiques et des 
phosphagénes chez les Invertébrés, notre attention s’est particuliérement portée 
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sur le groupe des Annélides, chez lesquelles Baldwin et Yudkin avaient signalé en 
1950 la présence d’un phosphagéne inconnu, différent par les caractéres de son 
hydrolyse de la phosphoarginine et de la phosphocréatine. Nous avons réussi a 
isoler et a identifier la glycocyamine chez un certain nombre de Polycheétes Errantes 
et la taurocyamine chez des Polychétes Sédentaires (‘Thoai et Robin, 1954a), 
puis a extraire du muscle les phosphagénes correspondants, la phosphoglycocyamine 
et la phosphotaurocyamine (‘Thoai et al., 1953a, b). Par la suite, Pisolement de 
deux guanidines monosubstituées nouvelles: la lombricine de Lumbricus terrestris L. 
(Oligochéte)—dont nous avons déterminé la structure (diester guanidoéthylséryl- 
phosphorique) et extrait le dérivé phosphorique labile, présent dans le muscle du 
Lombric (Thoai et Robin, 1954b)—et Vhirudonine d’Hirudo medicinalis L. 
(Hirudinée), dont lidentification est en cours (Robin, et al. 1957a), ont encore 
ajouté a l’extréme diversité des phosphageénes présents chez les Vers. 

Nous avons cherché a compléter notre travail sur les Annélides Polychétes, 
limité jusqu’ici 4 des espéces atlantiques récoltées en baie de Concarneau, par 
l'étude d’espéces méditerranéennes. Nous avons pu examiner, au cours d’un 
séjour 4 la Station Zoologique de Naples, sept Annélides Polychetes, différentes 
pour la plupart des espéces étudiées en Bretagne. Les quantités de matériel 
obtenu n’ont permis que dans un seul cas d’isoler le phosphagéne musculaire, mais 
nous avons déterminé par chromatographie sur papier la nature des dérivés 
guanidiques présents dans les tissus de ces animaux, afin de rechercher |’existence 
éventuelle de variations individuelles dues a lhabitat, ou la présence de phos- 
phagénes nouveaux, différents de ceux déja identifiés chez les Vers, soit: la phos- 
phoglycocyamine, la phosphotaurocyamine (‘Thoai et al., 1953a), la phospholom- 
bricine (‘Thoai et Robin, 1954b) et la phosphocréatine (Baldwin et Yudkin, 1950; 
Greenwald, 1946; Robin, 1954; Hobson et Rees, 1955; Roche et al., 1957). 
Nous indiquons ici les techniques suivies et les résultats obtenus, que nous com- 
parons 4 ceux établis sur des Annélides Polychéetes précédemment étudicées a 
Concarneau. 

Un autre probléme que nous désirions tenter de résoudre était celui de la 
formation et de la signification biologique de l’arcaine chez les Invertébrés. Ce 
dérivé guanidique, isolé pour la premiére fois du Mollusque Arca noae L. par 
Kutscher et al. (1931) été signalé ensuite chez d’autres Invertébrés: Cristaria 
plicata (Suzuki et Muraoka, 1954), Audouinia tentaculata Mtg. (Robin et al., 1956) 
et Hirudo medicinalis L. (Robin et al., 1957b). Malgré ces travaux, la signification 
physiologique de l’arcaine demeurait obscure et les faibles quantités que nous 
avions décelées chez la Sangsue et chez Audouinia rendaient ce matériel inapte a 
une étude plus approfondie. Nous espérions trouver dans Arca noae un matériel 
plus abondant, plus riche en arcaine et renfermant peut-étre d’autres guanidines 
dont la présence nous aiderait 4 comprendre celle de la premiére. C’est dans ce 
but que nous avons entrepris, sur Arca noae L. récoltés a 'Tarente par les soins de 
la Station Zoologique de Naples, |’étude des dérivés guanidiques présents dans les 
tissus, ainsi que l’isolement et l’identification du phosphagéne musculaire. Nous 
rapportons ici les résultats obtenus. 
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1. ETUDE DES CONSTITUANTS GUANIDIQUES DE QUELQUES ANNELIDES 
POLYCHETES DE LA BAIE DE NAPLES ET IDENTIFICATION DU 
PHOSPHAGENE DE SPIROGRAPHIS SPALLANZANI VIVIANI 
Partie Expérimentale 
(1) Etude chromatographique des dérivés guanidyles 

Les extraits destinés 4 la chromatographie sur papier ont été préparés par 
broyage des organismes entiers (Eunice sp., Halla parthenopeia Delle Chiaje, 
Marphysa sanguinea Mtg., Perinereis sp., Protula intestinum Lmk.) ou des muscles 
et des tractus séparés par dissection (Diopatra napoleitana Delle Chiaje, Spiro- 
graphis spallanzanii Viviani) avec 2-3 volumes d’acide acétique a 2 pour cent. 
L’homogénat a été chauffé 5 min au bain-marie bouillant, puis centrifuge. 

Les extraits ainsi obtenus ont été chromatographiés (voie descendante) sur 
papier Whatman n° 1 dans deux solvants: (1) m-butanol-acide acétique—eau 
73:10:17) et (2) pyridine—alcool isoamylique—acide acétique—eau (80:40: 10:40). 
Aprés séchage, les chromatogrammes ont été révélés par la réaction de Sakaguchi, 
pour la caractérisation des guanidines monosubstituées, et par la réaction au 
diacétyle-a-naphtol ou par la réaction de Jaffé, pour la recherche de Ja créatine 
(Roche et al., 1957). Les résultats obtenus sont résumés dans le Tableau 1. 


TABLEAU 1—ETUDE DES DERIVES GUANIDIQUES PRESENTS DANS LES TISSUS DE QUELQUES 
ANNELIDES POLYCHETES RECOLTEES EN BAIE DE NAPLES 


Guanidines monosubstituées 


Polychétes Sédentaires 


Tractus dig. 


Glyco- 


Ver étudié Tissu Tauro- | Créatine 
Arginine | cyamine | cyamine 
Polychétes Errantes 

Diopatra napoleitana 

Delle Chiaje Muscle 0 0 

Tractus dig. 0 0 + 

Eunice sp. An. entier traces 0 0 ~ 
Halla parthenopeia 

Delle Chiaje An. entier traces 0 0 + 
Marphysa sanguinea Mtg. An. entier traces ) 0 + 
Perinereis sp. An. entier traces + 0 traces 


Protula intestinum (Lmk.) An. entier traces 0 + + 
Spirographis spallanzanii 
Viviani Muscle 0 0 


(2) Isolement et identification du phosphagéne de Spirographis spallanzanii Viviani 

800 g de spirographes entiers débarrassés de leurs tubes ont été broyés au 
Waring-blendor avec un volume d’acide trichloracétique 4 15 pour cent refroidi 
a —10°C. Le mélange a été agité pendant 15 min a — 10°C, puis centrifugé a 0°C. 
Le liquide surnageant a été neutralisé immédiatement par la soude a 30 pour cent. 
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Le résidu a été extrait 4 nouveau par un volume d’acide trichloracétique a 10 pour 
cent, agité 10 min, centrifugé et le liquide surnageant neutralisé. Les extraits 
rassemblés ont été additionnés d’un volume d’éthanol a 95° et abandonnés une 
nuit 4 O°C. Le précipité formé, séparé par centrifugation, constitue la fraction I. 
Le liquide surnageant a été additionné de 40 ml de bromure de baryum a 20 pour 
cent et d’un volume d’éthanol; le précipité prenant naissance, recueilli par centri- 
fugation, constitue la fraction II. La fraction I a été broyée avec du sable et 
extraite par 300 ml d’eau glacée: le résidu insoluble a été éliminé et le liquide 
surnageant additionné de deux volumes d’alcool. Il se forme un précipité, que 
l’on a réuni a la fraction II et l’ensemble a été dissous dans 450 ml d’eau et addi- 
tionné de deux volumes d’alcool. Aprés une nuit a 0°C, le précipité a été recueilli 
par centrifugation et dissous dans 400 ml d’eau. Il y donne une solution laiteuse 
riche en glycogéne, qui a été acidifiée a pH = 3 avec de I’acide trichloracétique a 
20 pour cent en refroidissant 4 — 10°C, additionnée de deux volumes d’éthanol 
et centrifugée immédiatement. Le liquide surnageant a été neutralisé a pH = 7,6 
par de l’ammoniaque et additionné d’un volume d’éthanol. Le précipité obtenu, 
séparé par centrifugation, a été extrait pendant 15 min avec 20 ml d’eau bidistillée; 
aprés centrifugation, le liquide surnageant a été filtré a travers une petite colonne 
(1x 10cm) de permutite C50, préalablement activée par traitement a l’acide 
chlorhydrique 2 N, lavage a l’eau, traitement a l’ammoniaque 2 N, et refroidie a 
environ +5°C. Cette colonne fixe le baryum et laisse passer le phosphagéne, 
présent dans I’effluent a l’état de sel d’ammonium. La colonne a été lavée avec 
60 ml d’eau bidistillée; effluent initial et les eaux de lavage ont été concentrés 
sous vide a environ 4 ml. Nous avons identifié le phosphagéne sur cette solution, 
au moyen de la chromatographie sur papier. 

La chromatographie a été réalisée par voie ascendante et a O°C, sur papier 
Whatman n° 1 (préalablement lavé a l’acide acétique 2 N, puis a l’eau et séché) 
dans les solvants: (1) pyridine-éthanol-ammoniaque—eau-— (3 : 3: 3:1) et (2) pyridine- 
alcool isoamylique-eau (4:2:3,5), en prenant comme corps de_ référence 
l’argininephosphate de lithium chromatographiquement pur préparé par synthese 
(Thiem et Thoai, 1959). Les chromatogrammes ont été révélés: par la réaction 
de la ninhydrine, qui caractérise le groupement a-aminé de |’argininephosphate; 
par la réaction des esters phosphoriques (Hanes et Isherwood, 1949), qui 
caractérise le groupement ~ P de l’argininephosphate; par la réaction de Sakaguchi, 
spécifique des guanidines monosubstituées, opérée apres pulvérisation du chromato- 
gramme avec de I’acide chlorhydrique N et chauffage a 100°C pendant 5 min, 
afin de libérer l’arginine de sa combinaison phosphorique labile*. 

L’extrait contenant le phosphagéne a été soumis a une purification préalable 
par chromatographie dans le solvant (1) sur papier Whatman n° 1 lavé; la bande 
correspondant au phosphagéne a été éluée a 0°C par de l’eau ammoniacale et le 

* Pour compenser I’acidité du papier, la révélation usuelle (Roche et al., 1957) a été modifiée 
de la maniére suivante. La premiére pulvérisation est opérée avec un mélange de soude a 40 pour 
cent (2 ml), de solution alcoolique d’«-naphtol a4 1 pour cent (0,2 ml), de solution d’urée a 40 


pour cent (0,2 ml) et d’eau distillée (q.s.p. 10 ml). On séche dans un courant d’air froid et l’on 
pulvérise la solution d’hypobromite de sodium selon la technique habituelle. 
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liquide, concentré sous vide, a été rechromatographié dans les solvants (1) et (2) 
selon le mode opératoire décrit ci-dessus. Dans les deux solvants, la tache du 
phosphagéne révélée par la réaction de la ninhydrine, par la réaction des esters 
phosphoriques et par la réaction de Sakaguchi aprés hydrolyse du chromatogramme, 
occupait une position identique a celle de l’argininephosphate témoin. Nous 
pouvons donc conclure a l’identité du phosphagéne de Spirographis spallanzantt 
Viviani et de l’argininephosphate. 


Discussion des Résultats 

La présence d’un phosphagéne nouveau chez les Annélides avait été envisagée 
dés 1933 par Arnold et Luck qui, au cours d’un travail d’ensemble sur la répartition 
de l’arginine dans le muscle des Vertébrés et des Invertébrés, avaient été frappés 
des faibles quantités de ce dérivé existant dans les tissus de certains Vers. Les 
études systématiques réalisées par la suite chez ces animaux (Baldwin et Yudkin, 
1950; Hobson et Rees, 1955) étaient basées sur les caractéres de hydrolyse acide 
du phosphagéne en présence de molybdate, beaucoup plus que sur |’ identification 
de la base guanidique liée au phosphate labile. Aussi nos premiers travaux sur les 
Annélides (Roche et al., 1952) ont-ils porté sur la caractérisation du dérivé 
guanidique participant a la formation du phosphagéne et abouti a l’isolement et 
4 l’identification de la giycocyamine et de la taurocyamine (‘Thoai et Robin, 1954a), 
puis des phosphagénes correspondants (‘Thoai et al., 1953b; ‘Thoai et Thiem, 1957), 
chez diverses Annélides Polychétes Errantes et Sédentaires. Par la suite, nous 
avons étendu systématiquement l'étude de la répartition naturelle des dérivés 
guanidiques (guanidines monosubstituées et créatine) a de nombreuses espéces 
marines, tant atlantiques (Robin, 1954; Roche et al., 1957) que méditerranéennes. 
Les résultats de leur ensemble ont été reportés dans les Tableaux 1 et 2. 

La comparaison de ces deux T'ableaux permet de constater que les Annélides 
Polychétes du bassin méditerranéen et celles du bassin atlantique possédent des 
caractéres communs. Chez les unes comme chez les autres, la présence de fortes 
quantités de glycocyamine n’est observée que chez des Polychetes Errantes tandis 
que la taurocyamine ne se rencontre que chez des Polychetes Sédentaires; la 
créatine, par contre, se trouve indifféremment dans l’un ou I|’autre groupe, ot sa 
présence exclut d’ordinaire celle de la glycocyamine ou de la taurocyamine. 

Cependant, nous avons pu noter certaines différences entre les animaux 
étudiés respectivement 4 Naples et 4 Concarneau. ‘Tout d’abord, le nombre des 
espéces a créatine semble beaucoup plus élevé dans le premier groupe que dans 
le second; sans tenir compte des traces de créatine observées chez Perinereis et qui 
proviennent vraisemblablement de produits génitaux (Greenwald, 1946; Roche 
et al., 1957). Le Tableau 1 montre, en effet, que cing sur sept des animaux récoltés 
4 Naples renferment de fortes quantités de créatine dans leurs tissus. A l’exception 
de ce que l’on observe chez Protula intestinum, la créatine existe seule (muscle de 
Diopatra napoleitana) ou associée a des traces d’arginine (Eunice, Halla parthen- 
opeia, Marphysa sanguinea) dans les espéces étudiées; il est done probable que, 
chez celles-ci, la créatine constitue la base du phosphagéne musculaire. Le 
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‘Tableau 2 montre, par contre, que sur les dix-neuf espéces récoltées 4 Concarneau, 
six seulement renferment de la créatine comme constituant guanidique essentiel 
du muscle. 


TABLEAU 2—ETUDE DES DERIVES GUANIDIQUES PRESENTS DANS LES TISSUS DE QUELQUES 
ANNELIDES POLYCHETES DE LA BAIE DE CONCARNEAU 


Guanidines monosubstituées 


Ver étudié is Glyco- Tauro- | Créatine 
Arginine | cyamine | cyamine 


Polychétes Errantes 
Eulalia viridis Miller An. entier + 
Glycera convoluta Kfst. Muscle traces 

Tractus dig. 

Halosydna gelatinosa An. entier + 
M. Sars. 

Lumbriconereis Muscle traces 
Blainville Tractus dig. 

Marphysa sanguinea Mtg. Muscle traces 

Tractus dig. 

Nephthys Hombergii Muscle 0 

Tractus dig. ~ 

Nereis diversicolor Miller Muscle 0 

Tractus dig. + 

Ophiodromus flexuosus An. entier + 
Delle Chiaje 

Platynereis dumerilit An. entier + 
Aud. et Edw. 


+44 


Polychétes Sédentaires 
Arenicola marina L. Muscle 0 0 
Tractus dig. + 0 
Audouinia tentaculata Mtg. Muscle traces traces 
‘Tractus dig. + traces 
Clymene lumbricoides Qfg. Muscle 0 0 
Tractus dig. 
Dasybranchus caducus Muscle traces 
Griibe Tractus dig. 
Lanicea conchilega Pallas An. entier 
Myxicola infundibulum An. entier 
Renier 
Nerine foliosa Aud. et Edw. . entier 
Sabella pavonina Sav. . entier 
Sabellaria alveolata L. . entier 
Scolophos armiger . entier traces 
O. F. Miiller 


CO++00++4+00 


+ooo 


Un autre fait particulier, observé dans l’une des Annélides napolitaines, est la 
présence chez Protula intestinum, de quantités importantes de taurocyamine 
associée a la créatine. Chez les Annélides Polychétes étudiées jusqu’ici, la présence 
de créatine semblait exclure celle des autres dérivés guanidiques, a l’exception de 
traces d’arginine et, parfois, de glycocyamine (Audouinia tentaculata). Nous avons, 
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il est vrai, caractérisé la taurocyamine dans les oefs d’ Audouinia tentaculata (Robin 
et al., 1956) mais le muscle de ce Ver en est totalement dépourvu et sa présence 
aurait sans doute passé inapercue sur des extraits de l’animal entier. L’association 
de taurocyamine et de créatine en quantités équivalentes n’a été jusqu’a présent 
observée que chez une Eponge, Thetia lyncurium L., ou nous avons identifié le 
phosphagéne a la phosphocréatine (Roche et Robin, 1954). II est difficile de con- 
clure en ce qui concerne la signification biologique de la taurocyamine et de la 
créatine chez Protula intestinum; elle ne pourra étre éclaircie que par l'étude de 
la répartition de ces deux dérivés dans les différents tissus et l’isolement du phos- 


phagéne musculaire. 

Une derniére différence avec les résultats observés 4 Concarneau est l’identi- 
fication de la phosphoarginine dans le muscle de Spirographis spallanzanii Viviani, 
confirmée par la présence d’arginine comme unique constituant guanidique des 
tissus chez cet animal. Bien que ce phosphagéne soit de beaucoup le plus répandu 
chez les Invertébrés, il ne nous avait pas été donné de le rencontrer chez les 
Annélides Polychétes marines étudiées précédemment*. 


Conclusions 


L’analyse chromatographique des extraits de sept Annélides Polychétes récoltées 
dans la baie de Naples a montré la présence d’arginine, de glycocyamine, de 
taurocyamine et de créatine chez celles-ci. Les mémes dérivés avaient été ren- 
contrés chez les Annélides Polychéetes précédemment étudiées en Bretagne 
(Concarneau). Seules certaines différences ont été notées dans la répartition de 
ces guanidines, en particulier le plus grand nombre d’espéces a créatine chez les 
Annélides méditerranéennes et la présence d’argininephosphate dans le muscle 
de l'une d’elles, Spirographis spallanzanii Viviani*. 

Aucun dérivé guanidique nouveau ou identique a ceux déja isolés chez des 
Vers d’une autre classe (hirudonine, lombricine) n’a été observé. Le groupe des 
Annélides Polychétes parait donc assez homogéne en ce qui concerne la nature 
des dérivés guanidiques présents dans les tissus et il semble déja possible de 
systématiser certains des résultats obtenus, entre autres la répartition exclusive de 
la glycocyamine chez des Polychétes Errantes et celle de la taurocyamine chez 
des Polychétes Sédentaires. 


ETUDE DES CONSTITUANTS GUANIDIQUES ET DU PHOSPHAGENE 
D’ ARCA NOAE L. 


II. 


Partie Expérimentale 


(1) Etude chromatographique des constituants guanidiques 
A. Préparation des extraits. Les animaux, récoltés 4 Tarente, ont été débar- 
rassés de leurs coquilles; 1000 g de tissus frais ont été homogénéisés avec 1500 ml 


* Toutefois, la présence d’une forte proportion d’arginine dans les tissus de Lanicea 
conchilega, et de Sabella pavonina permet d’envisager que |’argininephosphate serait également 
le phosphagéne musculaire chez ces Annélides. 
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d’eau, ammenés a pH = 3 par l’acide sulfurique et portés 4 l’ébullition pendant 
10 min. Aprés refroidissement, le mélange a été centrifugé et le résidu extrait a 
nouveau par 1000 ml d’eau. Les liquides surnageants réunis ont été déféqués par 
l’acétate basique de piomb et l’excés de plomb éliminé par traitement a l’hydrogéne 
sulfuré. L’extrait ainsi préparé a été concentré sous vide a environ 1 1. et purifié 
par passage sur résines échangeurs d’ions: on |’a tout d’abord filtré 4 travers une 
colonne d’Amberlite IRC 50 H+. L’effluent de cette colonne ainsi que les lavages 
a l'eau ont été rassemblés et réservés pour un traitement ultérieur. Les dérivés 
guanidiques fixés ont été élués par l’acide acétique M; |’éluat acétique, concentré 
a sec sous vide et repris par l’eau, a été traité 4 nouveau sur Amberlite IRC 50, 
employée alternativement sous forme sodique, tamponnée a pH = 7,0, et sous 
forme H* (Robin et al., 1957a). La fraction ainsi obtenue (fraction I) a été analysée 
par chromatographie sur papier. Une autre fraction (fraction II) a été obtenue 
en filtrant l’efuent aqueux de la premiére colonne d’Amberlite IRC 50 H* a 
travers une colonne de Permutite C 50 H* et en éluant avec de l’ammoniaque 
2 N les guanidines fixées. La fraction III a été constituée par l’effluent et les 
lavages 4 l’eau de la colonne de Permutite C 50; cette fraction, trés acide, a été 
neutralisée avant chromatographie sur papier par passage sur Permutite A 300. 
Le fractionnement sur ces différentes résines et les résultats obtenus sont schéma- 
tisés dans la Fig. 1. 


Extrait d’Arca noae L. 
Amberlite 


IRC 50 H* 
H,O | AcOH M 


Permutite C 50 Ht Amberlite 
IRC 50 Na+ pH =7,0 
H,O | AmOH 2N H,O | AcOH O,5 M 


| | 
Permutite A 300 Amberlite 
IRC 50 H+ 
H,O H,O | AcOH 0,5 M 


fraction III fraction II fraction I 
aucun dérivé 2 guanidines arginine (+ + +) 
guanidique monosubstituées agmatine (traces) 
non identifiées arcaine (traces) 
(traces) 


Fic. 1. 


B. Chromatographie sur papier des extraits et résultats obtenus. La chromato- 
graphie des extraits a été opérée sur papier Whatman n° 1, dans les solvants 
suivants: (1) m-butanol-acide acétique-eau (73:10:17); (2) pyridine—alcool 
isoamylique—acide acétique-eau (80:40:10:40); (3) pyridine—alcool isoamylique— 
eau (80:40:70); (4) pyridine—alcool zsoamylique-ammoniaque-—eau (80: 40:10:40); 
(5) n-propanol-acide acétique—eau (73:10:17); (6) n-propanol-ammoniaque—eau 
(73:20:7). Aprés séchage, les chromatogrammes ont été révélés par la réaction 
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de Sakaguchi, pour la recherche des dérivés guanidiques monosubstitués, et par 
la réaction de Jaffé ou celle au diacétyle-a-naphtol, pour la recherche des dérivés 
guanidiques disubstitués asymétriques (créatine) (Roche et al., 1957). 

Les résultats peuvent étre ainsi résumés: la fraction I renferme des quantités 
trés importantes d’arginine, accompagnée de traces d’arcaine et d’une autre 
guanidine monosubstituée qui présente dans tous les solvants utilisés le méme 
R, que l’agmatine témoin et qui, comme cette derniére, donne une réaction positive 
4 la fois 4 lhypobromite-a-naphtol et a la ninhydrine. La fraction II renferme, 
a l’état de traces, deux guanidines monosubstituées que nous n’avons pas pu 
identifier, étant données les trop faibles quantités présentes; leur R, pourrait 
correspondre dans les solvants (1) et (2) respectivement a celui de la glycocyamine 
et de la lombricine. La créatine qui, d’aprés ses caractéres de fixation sur résines, 
devrait se trouver dans cette fraction, n’a pas été décelée dans les extraits étudiés. 
Enfin la troisiéme fraction, ainsi que les effluents aqueux des deux derniéres 
colonnes d’Amberlite, ne semble contenir aucune guanidine substituée. En 
résumé, les dérivés guanidiques des tissus d’ Arca noae sont constitués essentielle- 
ment par de l’arginine, 4 coté de laquelle nous avons décelé des traces d’arcaine, 
d’agmatine, et de deux guanidines monosubstituées qui n’ont pas pu étre 
identifiées. 


(2) Isolement et identification du phosphagéne d’Arca noae L. 

500 g de muscles d’Arca noae, recueillis dans la glace, ont été homogéneéisés 
au Waring-blendor avec 600 ml d’acide trichloracétique 4 20 pour cent préalable- 
ment refroidi a —10°C. Le mélange a été agité 4 —10°C pendant 15 min, puis 
centrifugé 4 0°C. Le liquide surnageant a été recueilli et neutralisé immédiatement 
a pH =7,6, par de la soude a 30 pour cent. Le résidu a été repris par 500 ml 
d’acide trichloracétique 4 10 pour cent glacé, agité 10 min et centrifugé a 0°C; le 
liquide surnageant a été neutralisé par la soude 4 30 pour cent. Les extraits 
neutralisés ont été rassemblés (volume total 1200 ml) et additionnés de 30 ml 
d'une solution de bromure de baryum a 25 pour cent, puis de deux volumes 
d’alcool a 95° glacé. Aprés une nuit a 0°C, le précipité formé a été recueilli par 
centrifugation; il renferme le sel de baryum du phosphagéne. Repris par l’eau et 
extrait par acidification chlorhydrique jusqu’a pH =2,0 4 —10°C, il a laissé un 
résidu insoluble que l’on a éliminé par centrifugation. Le liquide surnageant a 
été additionné d’une goutte d’acide sulfurique pur et le sulfate de baryum formé 
a été centrifugé. La solution a été ammenée a pH =7,6 par de l’ammoniaque 
concentrée, afin d’éliminer les phosphates minéraux qui précipitent et sont 
centrifugés. Le liquide surnageant a alors été additionné de deux volumes d’éthanol 
a 95°. Le précipité blanc et gélatineux formé a été recueilli par centrifugation et 
extrait par 100 ml d’eau distillée et le résidu insoluble traité 4 nouveau par 50 ml 
d’eau. Les deux extraits aqueux rassemblés ont été concentrés a environ 10 ml 
sous vide. Nous avons réalisé dans cette solution l’identification du phosphagene 
par chromatographie sur papier, selon la technique decrite plus haut pour l’identi- 
fication du phosphagéne de Spirographis spallanzanii Viviani. 
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Dans tous les solvants et pour toutes les révélations utilisées (ninhydrine, 
esters phosphoriques et Sakaguchi aprés hydrolyse acide du chromatogramme), 
la tache du phosphagéne isolé occupait la méme position que celle de l’arginine- 
phosphate témoin. Nous pouvons donc conclure 4 lidentité du phosphagéne 
d’ Arca noae L. et de l’argininephosphate. 


Discussion des Resultats 


L’étude des constituants guanidiques d’Arca noae L., dont nous espérions 
tirer des éclaircissements sur le rdle biologique de l’arcaine chez lez Invertébrés, 
est loin de nous avoir apporté les renseignements que nous en attendions. 
L’identification du phosphageéne a l’argininephosphate ne nous a pas surpris, car 
les Mollusques semblent former un groupe homogéne quant a la nature de leur 
phosphagene musculaire; de plus, les quantités d’arcaine isolées par Kutscher et 
Ackermann (1931), soit 62,5 mg par kg de tissu frais d’ Arca noae L., ne permettaient 
pas d’envisager la participation de cette guanidine 4 la formation d’un unique 
dérivé phosphorique labile. Mais nous avons par contre été frappés par la faible 
teneur en arcaine des animaux frais étudiés 4 Naples ou, sur un kg de tissus traités, 
nous n’avons pu mettre en évidence, malgré la sensibilité des techniques employées, 
que des traces de ce dérivé. Nous avons comparé par chromatographie sur papier 
les extraits d’ Arca noae L.. préparés au cours de ce travail 4 des extraits de Sangsue 
préparés a Concarneau et d’ol nous avons isolé, 4 cété de ’hirudonine, environ 
13 mg de sulfate d’arcaine par kg de tissu frais; ces extraits étaient sensiblement 
plus riches en arcaine que ceux d’ Arca noae L. 

L’étude d’Arca noae L. nous a montré une énorme disproportion entre les 
quantités d’arginine et d’arcaine présentes; elle nous a également révelé |’ existence, 
a coté des traces d’arcaine, de faibles quantités d’agmatine et de traces a peine 
décelables de deux guanidines monosubstituées que nous n’avons pu identifier. 
L’interprétation de ces résultats est difficile car ni l’arcaine ni l’agmatine ne sont 
des métabolites courants chez les Invertébrés. La formation d’arcaine a partir de 
l’arginine n’a jamais été observée chez ces animaux et celle de l’agmatine ne I’a 
été qu’a un faible taux et de maniére inconstante (‘Thoai et al., 1953); les essais de 
dégradation par des tissus d’Invertébrés eux-mémes ont été pour la plupart 
négatifs (Guggenheim, 1951) 

Ces deux guanidines sont, au contraire, activement métabolisées par des 
enzymes d’origine bactérienne: l’agmatine peut se former par décarboxylation de 
arginine par l’argininedécarboxylase d’E. coli (Gale, 1946) et par hydrolyse de 
l’arcaine, que réalisent les bactéries de la putréfaction (Linneweh, 1931a, b; 1932) 
avec formation intermédiaire de carbamylagmatine; une hydrolyse plus poussée 
aboutit a la carbamylputrescine et a la putrescine. De plus, l’arcaineet l’agmatine 
ont été identifiées par Hayashi (1953) dans les produits formés au cours de la 
putréfaction d’organismes de poissons, c’est-a-dire a partir d’un milieu ot la 
seule guanidine monosubstituée présente initialement était l’arginine. 

I] est donc permis de se demander si l’arcaine ne se formerait pas dans le tractus 
digestif, a partir de l’arginine et par action de bactéries ingérées, chez les animau 
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ot elle a été identifiée. En effet, tout au moins dans le cas d’Hirudo medicinalis 
et d’Audouinia tentaculata, les animaux que nous avons récoltés vivaient dans la 
vase et, lorsqu’il nous a été possible de localiser l’arcaine (Audouinia), c’est pres- 
qu’exclusivement dans le tractus digestif que nous l’avons trouvée (Robin et al., 
1956). La présence d’agmatine a cété de l’arcaine ne peut que renforcer cette 
hypothése. La formation de l’agmatine et de l’arcaine a partir de l’arginine sous 
action des bactéries putréfiantes pourrait alors étre envisagée selon le schéma: 
arginine > —- = carbamylagmatine = arcaine 


carbamylputrescine 
putrescine 


Conclusions 

Le phosphagéne musculaire d’ Arca noae L. a été isolé et identifié a l’arginine— 
phosphate; Arca noae L. ne se différence donc pas a cet égard des autres 
Mollusques. L’analyse chromatographique des extraits tissulaires de cet animal 
nous a montré la présence de fortes quantités d’arginine, accompagnée de traces 
d’arcaine, d’agmatine et de deux guanidines monosubstituées non identifiées, 
dont la signification biologique est obscure. Les faibles quantités d’arcaine 
caractérisées et la présence associée de l’agmatine font envisager pour ces deux 
dérivés la possibilité d’une origine bactérienne. 
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Abstract—Experiments are described in which the response of insect stretch receptors 
to phasic stimulation has been quantitatively analysed. The organs are shown to be 
dual-purpose receptors supplying information both on displacement and on the rate 
of change of length (velocity of stretch). 


INTRODUCTION 

In a description of the structure and mode of function of abdominal stretch 
receptors in insects (Finlayson and Lowenstein, 1958) it was shown that the impulse 
discharge from the receptor in response to stretch and subsequent relaxation has 
the characteristics found in any moderately slowly adapting static mechano- 
receptor. It will be remembered that in the corresponding organs in the Crustacea 
a static and a phasic receptor unit represented by a “‘slow” and a “‘fast’”’ sensory 
neuron are found side by side (Alexandrowicz, 1951; Wiersma et al., 1953; 
Florey and Florey, 1955; Eyzaguirre and Kuffler, 1955 a, b, c). 

In view of the fact that the response of the insect organ shows a pronounced 
peak of the impulse frequency while it is being stretched and before it settles down 
to a steady frequency level dependent on length, it was thought to be of interest 
to study the response to phasic stimulation of moderate frequency. This appeared 
the more relevant because the morphological evidence points, at least in some 
respects, to the possibility that the receptors are involved in the co-ordination of 
rhythmical abdominal movements. ‘These may be respiratory (dragonfly) or 
connected with spinning (silk-worm) or with communication (scent dispersal and 
tail-wagging dance in the honey-bee). 


METHODS 

For reasons of convenience the experiments reported here were carried out 
on single organs isolated from pupae of the giant silk-moth Antheraea pernyt. 
Identical results were also obtained from the longitudinal receptor of the larva of 
the dragonfly Aeschna juncea, and of the cockroach, Blaberus cranifer. The 
technique of exposure of the organs, their isolation and mounting for stimulation 
were as previously described (Finlayson and Lowenstein, 1958). The apparatus 
which was designed for phasic stimulation is shown in Fig. 1. A segment containing 
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the stretch receptor is mounted in saline on a platform between a fixed and a 
movable plastic clamp (a and b). Alternate stretch and relaxation of the receptor 
is brought about by a pneumatic system, which incorporates two aneroid metal 
bellows connected by thick-walled pressure tubing (e). One of the bellows (d) is 
rigidly connected to the movable clamp, the other forms part of a driving unit 


Movement 


Fic. 1. Phasic stimulator. 

(a) Fixed clamp. 

(b) Movable clamp. 

(c) Insulated coupling to metal bellows. 

(d) Metal bellows. 

(e) Rubber pressure tubing from bellows of driving unit. 

(f) Vane intercepting light beam to a photocell. 

(g) Slot exposing photocell. 

(h) Lead from neutral electrode (metal base of fixed clamp). 

(i) Lead from pick-up electrode to cathode-follower input of amplifier. 


(not shown in Fig. 1) based on an electronically controlled servo-motor. ‘This 
provides a constant-speed movement independent of load. A system of fulcrum 
levers in cascade provides for independent adjustments of amplitude and frequency 
by means of calibrated controls. ‘The movement is monitored photo-electrically 
by a light beam which is interrupted by a vane (f) mounted on the movable 
clamp (b). 

The impulse responses and the action signal were recorded by means of a 
double-channel high-gain d.c. pre-amplifier and an output stage designed for the 
undistorted recording of d.c. signals on a double-track magnetic tape. ‘The 
records shown in Figs. 2-4 represent re-recordings from tape by means of a 
conventional oscillograph and camera. A small-capacity condenser was used in 
the input from the preparation in order to eliminate base line swings. 
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RESULTS 

‘The stretch receptor in Antheraea contains a single sensory neuron (Finlayson 
and Lowenstein, 1958). Mounted in a state of low stretch the receptor’s activity 
consists of a train of about 15-20 impulses/sec (Figs. 2a, 3a). In the experiment 
shown in Fig. 2a a stretch of 4mm in approx. 0-2 sec brings about an increase 
in the discharge frequency. ‘he maximum frequency reached during the period 
of deformation by stretch is 63 impulses/sec, as measured by the shortest interval 
between two consecutive impulses. After the receptor is brought to rest in the 
stretched state the impulse activity declines to a constant level of 24 impulses/sec, 
about 40 per cent higher than before stretching. On return to the initial length 
(Fig. 2b) the discharge returns to 15 impulses/sec. In this case relaxation is too 
slow to produce the usual depression of activity below the initial pre-stretch 
level, but this is significantly present from Fig. 3 (c) onwards. The response 
shown in Figs. 2(a) and 2(b) represents the behaviour of a slowly adapting 
mechano-receptor capable of furnishing static information and there is no doubt 
that at rest the discharge activity is within certain limits a linear function of absolute 
length or total displacement. 

The response to phasic alternation of stretch and relaxation (Figs. 3c-e) 
shows, however, that under these conditions the impulse activity becomes a 
combined function of displacement and rate of change of length, i.e. velocity. 
At low stimulus frequencies (Figs. 3b,c) the discharge picture resembles a 
frequency-modulated pulse signal. ‘The phase relation of the maximum response 
frequency is fairly constant. Maximum activity coincides with maximum slope, 
i.e. with maximum velocity of stretch. At greater stimulus frequencies, e.g. from 
2 c/s onwards, the response frequency at maximum velocity rises to over 100 
impulses/sec. Under these conditions the leading impulse is apparently always 
a normal one with all or nothing characteristics. Subsequent impulses, however, 
are slower and their amplitude becomes roughly inversely related to the discharge 
frequency (Fig. 4e). Thus it may be said that the impulse discharge generally 
assumes the appearance of a “pulsatile response” of very much reduced pulse 
amplitude (Grundfest, 1958). A quantitative analysis of this phenomenon was 
not attempted. 

As the stimulus frequency increases, impulses (or pulses) begin to drop out and 
each stretch phase becomes marked by a smaller total number until finally each 
cycle produces one or two impulses only (Fig. 4c). From 5 c/s onwards no activity 
occurs during relaxation and we attribute this to the operation of post-excitatory 
depression following upon vigorous stimulation. At these higher frequencies the 
organ may be said to fail to signal the phasic stimulus accurately. ‘The impulses 
are still placed in phase with the stimulus, and the phase relationship is seen to be 
maintained up to 15 c/s (Fig. 4c). Above this the phase relationship clianges (Fig. 
4d) and the spacing of the two impulses seems to have ceased to be related to the 
stimulus intensity; this may at least in part be due to a failure of the stimulator 
to pull the preparation smoothly over the required distance. The fact that the 
amplitude of the mechanogram becomes progressively lower points to a radical 
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Fic. 2. Records of response of stretch receptor to static displacement. 
(a) Stretching of the sense organ is indicated by the downward deflexion of the 


mechanogram. Amplitude 4mm. Velocity of stretch 17-4 mm/sec. 
(b) Relaxation (upward deflexion of mechanogram). Amplitude 4 mm. Velocity of 
relaxation 4:9 mm/sec. Records (a) and (b) are consecutive. 
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change in the parameters of the stimulus. It would therefore be inadvisable to 
draw conclusions with regard to quantitative stimulus-response relationships 
beyond a stimulus frequency of 5 c/s. Fig. 5 represents a graph of the stimulus- 
response relationship with maximum response frequencies as given by the reciprocal 
of the minimum intervals between consecutive impulses plotted on the ordinate 


Stimulus velocity, | mm /sec (¢) 
fe) 10 20 30 40 50 60 70 80 90 100 
T 


impulses / sec 
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Response , 


(@) | 2 3 4 5 6 
Stimulus frequency , c/s (e) 


Fic. 5. Stimulus-response relationship. Frequency of phasic stimulus (@) (abscissa). 
Velocity of stretch (©) (abscissa). Impulse frequency (ordinate). 


and either stimulus frequencies (c/s) or stimulus velocities (mm stretch/sec) plotted 
on the abscissa. ‘The latter quantities are based on approximate measurements of 
the slope of the stretch phase as given by the mechanograms. It will be seen that 
in either case the stimulus-response relationship is linear up to 5 c/s or about 
70 mm/sec respectively. 


DISCUSSION 


The insect stretch receptor is clearly a dual-purpose organ responding both 
to static displacement and to velocity during stretch. During phasic alternation 
between passive stretch and relaxation the peak of its activity, as measured by the 
smallest time interval between two successive impulses, coincides with maximum 
velocity. From a stimulus frequency from 3-4 c/s onwards no activity is recorded 
at maximum displacement and during relaxation. Finally, impulse activity is 
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absent over almost the whole cycle except for the point of maximum velocity. 
Lippold et al. (1958) have recently studied the responses of the mammalian stretch 
receptor to sinusoidal displacement of various amplitudes and frequencies. ‘They 
showed that this receptor, too, responds to displacement at low stretch velocities 
and exclusively to velocity above a stretch from 3 cm/sec onward. In discussing their 
results in the light of work by Matthews (1933) and Katz (1950) and in dealing 
with the complete absence of activity at maximum displacement they are reluctant 
to accept the hypothesis that this may represent an off effect. Yet, in the insect 
receptor it appears quite obvious that the decline of activity after the velocity peak 
of the stretch is passed is accentuated by the post-excitatory “inhibition” so 
characteristic of a variety of mechano-receptors. ‘The gradual disappearance of 
the response to displacement as such and the transition from static to dynamic 
response are thus connected with post-excitatory silencing. 

In a study of the response of a slowly adapting tactile spine on the leg of the 
cockroach (Pertplaneta americana) Pringle and Wilson (1952) found that the peak 
response frequency preceded maximum tension (displacement). ‘They held this 
phase advance to be the corollary of adaptation and of the organ’s response to the 
rate of change of the stimulus as well as to its instantaneous value. In this case 
the impulse response appeared to be roughly proportional to the logarithm of the 
stimulus intensity. 

Wiersma, and Wiersma and Boettiger (1959) describe responses from receptors 
in the joints of Crustacea which were found to share the properties of movement 
and position sensitive organs, but point out that freely intermediate units are 
relatively scarce, especially in higher forms (crabs). However, the organs resemble 
chordotonal organs and are thus not strictly comparable (Whitear, personal 
communication). 

From our experience with stretch receptors in insects it is quite clear that they 
are all of the dual-purpose type and this is in a way not surprising as in insects 
one sensory neuron only is associated with the contractile or elastic auxiliary 
structures (Finlayson and Lowenstein, 1958). 

It is safe to assume that, as well as providing static information, the insect 
receptor is capable of furnishing accurate information concerning the velocity of 
stretch up to frequencies of phasic stimulation of approximately 5 c/s. Above this 
frequency its accuracy becomes doubtful. It is, however, quite reasonable to 
assume that the receptor furnishes information on the frequency of the phasic 
stimulus over the whole range covered by our experiments (Figs. 4c and d). It is 
clear therefore that the range of accurate frequency monitoring is more than 
sufficient to cover the frequency range of abdominal rhythms mentioned in the 
introduction. 
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Abstract—1. Acetone—water extracts from various snail tissues, such as the brain, 
mantle, foot, mid-gut and heart, have a cardiac accelerating property. The chromato- 
graphic purification of this substance shows that it differs in properties from 5HT. 
2. The differences between the cardiac accelerator and 5HT are 
(a) The extract action is not antagonized by LSD. 
(b) The winter frog heart and the summer frog heart are both accelerated by the 
extract whilst 5HT inhibits the winter frog heart and accelerates the summer frog 
heart. 
(c) Solutions of extract and 5HT show different reactions to chemical tests. 
(d) The extract and 5HT have a different Rf in tert. butanol—-methanol—water. 
(e) The addition of 5HT to the heart causes an acceleration whilst the extract causes an 
acceleration and a regularization of the beat. 
3. It is suggested that the active principle in the extract is an aromatic amine 
possessing one or more hydroxyl groups, one of which is possibly in the 5 position. 
It does not appear to be an indole. 


INTRODUCTION 


Over the past few years considerable interest has been aroused in the pharmacology 
of the invertebrates. In some cases chemicals such as acetylcholine, adrenaline, 
noradrenaline, 5-hydroxytryptamine and y-amino-butyric acid have been isolated 
from tissue extracts and shown to be of physiological importance, but in other 
cases various natural tissue extracts appear to possess properties that distinguish 
them from other identified chemicals. 

The present paper will describe studies on extracts from the brain and other 
tissues of the common English snail, Helix aspersa. Histological studies reported 
in the first part of the paper indicate that neurosecretion occurs in the snail as in 
other molluscs (Gabe, 1949, 1953a,b; Cazal and Bogoraze, 1946), and these 
neurosecretions may have some pharmacological activity. The second part of 
the paper concerns our studies on the nature of a cardio-accelerator substance 
present in the brain and tissue extracts. ‘The preliminary results of these experi- 
ments have been reported by Kerkut and Laverack (1958). 
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METHODS 


The demonstration of neurosecretory elements within the nervous system of 
Helix aspersa was carried out by means of two staining methods; those of Gomori 
(1941) and Halmi (1952). ‘The dilution of Halmi’s solution as used by Clark (1955) 
on Nephthys was found to be unsatisfactory on snail material. Sections were cut 
serially at 8 through the snail ganglia. 

Pharmacological investigation on the isolated Helix heart involved removal of 
the heart and attaching it to a fine glass rod which was then inserted into a cork 
and placed at the bottom of a small glass tube with a total volume of 5 ml. The 
apex of the heart was pierced by means of a hook attached to a thread which was 
fastened to a balanced heart lever. ‘The lever was slightly weighted so that a small 
tension was maintained on the heart, and recordings were then made on a smoked 
drum. 

The heart from hibernating winter snails was found to beat satisfactorily in 
90 per cent frog Ringer as recommended by Barry (1955) for Helix pomatia. ‘The 
hearts from active summer snails did not beat well in this saline or in 70 per cent 
frog Ringer. An analysis of the ions of snails’ blood indicated that the following 
Ringer solution might be more satisfactory: 5-85 g/l. NaCl; 0-30 g/l. KCl; 
0-06 g/l. CaCl,; 0-1 g/l. NaHCO,; and the summer hearts isolated into this 
solution will continue to beat satisfactorily for some hours. Solutions were made 
up in the Ringer for use at the time and the values were given as g/l. The LSD 
solutions were initially made up in distilled water as this compound is quickly 
deactivated by free chloride ions. 


RESULTS 
(1) Histological Investigations 


Sections of the brain of Helix aspersa stained with Gomori’s iron haematoxylin 
method (1941) did not show any definite stained granules within the cells. Other 
authors however have shown that failure to stain by this method need not neces- 
sarily be indicative of the lack of secretory power of that tissue (Stumm-Zoilinger, 
1957). 

Staining with the paraldehyde fuchsin method revealed small fuchsinophilic 
granules particularly within the axon hillock of the large neurones of the ventral 
ganglia. ‘These small granules occasionally aggregated to form dense patches 
within the cell (Fig. 1). Granules were also found in the axons originating from 
these cells but the site of the axon terminations has not yet been determined. It 
should be noted that granules staining with paraldehyde fuchsin are found only 
in the large neurones of the ventral ganglia. They are not present in the smaller 
cells of the cerebral ganglia. 

Phase contrast and interference microscopical examinations of the living 
neurones teased out in saline revealed quite clearly the presence of granules both 
in the cell body and in the axon of the living cell. 
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(2) Pharmacological Investigation 


(i) Snail heart preparation 

(a) The action of 5H'T (5-hydroxytryptamine). ‘The reaction of molluscan 
hearts to 5H'l’ has been reported by Erspamer and Ghiretti (1951). Among the 
hearts they studied was the heart of Helix pomatia though they did not consider 
that it was a good preparation for the bioassay of 5HT since it gave a variable 
response to the same dose level and did not necessarily return to the resting beat 
after washing away the active material. 

The heart of Helix aspersa is very reactive to the addition of 5H'T as is shown in 
Fig. 2. ‘The trace shown here was obtained from the heart of a winter hibernating 
snail and the threshold response was obtained to a dilution of 10-™ g/l. 5HT. 
The sensitivity of the Helix aspersa heart varied considerably throughout the year 
particularly over the period between hibernation and the awakening in the spring. 
Fig. 3 shows the sensitivity of a non-hibernating snail heart isolated one month 
later than that shown in Fig. 2. This heart had a threshold response to 5HT at 
10-8 g/l. and the response was approximately proportional to the dose level. 

(b) The action of tissue extracts. Extracts of the ganglia, mantle, heart and other 
tissues of Helix were made by mincing the tissue in 50 per cent acetone. ‘The 
solution was then evaporated to dryness and the residue taken up in the appropriate 
Ringer solution. ‘The addition of these extracts to the isolated snail heart led to an 
increase in the amplitude and a slight increase in the frequency of the heart beat 
(Fig. 4). The effect was very much like that elicited by low concentrations of 
SHT. 

The extract prepared from snail tissues by the method already described 
contained a considerable number of substances. ‘hese substances were separated 
from each other by means of paper chromatography, the various positions being 
tested for their pharmacological activity. ‘The substances were further purified by 
eluting the paper and re-running the chromatogram in a different solvent. ‘The 
best separation was effected by a two-dimensional chromatogram running first in 
tert. butanol-methanol—water in the ratio of 4:5:1 and then in amyl alcohol— 
pyridine-water in the ratio of 2:2:1 (Erspamer and Ghiretti, 1951). It was 
necessary to take care to dry the paper carefully to drive off all the pyridine before 
carrying out the bioassay, but heating above 60° reduced the activity of the 
preparation. Sometimes the crude preparation was initially purified by absorption 
onto alumina, eluting and then running the two-way chromatogram. 

‘The chromatogram was then cut into pieces, substances eluted from the paper, 
and the resulting solutions assayed on the frog heart. The results of such an assay 
can be seen in Fig. 5. A considerable amount of activity remained on the site of 
origin of the spot but a further portion of the substance was found to have been 
associated with an area having an Rf of 0-5 in tert. butanol—-methanol—water, and 
an Rf of 0-25 in amyl alcohol—pyridine—water. 

(c) The action of LSD (lysergic acid diethylamide). LSD has a stimulatory 
action on the Helix heart and in this it somewhat resembles 5HT. The action 
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Fic. 1. Section through the pedal ganglion of Helix aspersa stained with paraldehyde 
fuchsin. Note the accumulation of fuchsinophilic material in the axon hillock of the large 
nerve cell. (Magnification ca. 400 x ). 
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Fic. 3. Reaction of the isolated heart from a non-hibernating snail to 5HT. The threshold 
concentration to which this preparation responded was 10-° g/l. 


Brain extract 


Fic. 4. The effect of brain extract on the isolated snail heart. Note the increase in the 
amplitude of the beat. 
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Fic. 5. Bioassay of material eluted from a chromatogram. The crude ganglion extract 

was placed at 0 and then run in tert. butanol—-methanol—water. The chromatogram was 

then cut into strips and the material eluted off and assayed. There was still some activity 
at 0 but the major activity appeared at 5 and 6. 


Fic. 6. Action of LSD. LSD added to the isclated Helix heart caused an increase in the 

amplitude of the beat. A further increase was caused by the addition of brain extract, 

though 5HT did not cause an increase. Brain extract will also cause an increase in 

amplitude and 5HT will not, if the solutions are added in the order LSD- 5HT- brain 
extract. 
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Fic. 7. The effect of 5HT on the isolated heart of a winter frog. 5HT inhibits the heart 
beat, the effect being reversible by washing. 
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Fic. 8. The effect of 5HT, heart extract and brain extract on the isolated heart of a 
summer frog. 5HT causes an increase in the amplitude of the beat, as does also brain 
extract and heart extract. 
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differs from 5HT in that the increased amplitude lasts for a much longer time, 
on some occasions up to 45 min. LSD has been used as an antagonist to 5HT 
(Welsh, 1954; Welsh and McCoy, 1957; Amin et al., 1954). Thus Welsh (1954) 
has shown that it blocks the response of Venus heart to 5HT. This reaction has 
been confirmed here for the heart of Helix. The addition of LSD before 5HT 
blocks the reaction of the heart to this substance even though the heart has returned 
to its original amplitude after the LSD treatment. On the other hand the addition 
of LSD does not block the heart’s response to extracts made from snail tissues. 
Thus Fig. 6 shows the effect of LSD, 5HT and ganglion extract, the heart still 
responded to the ganglion extract even though it did not do so to 5HT and this 
latter effect was not due to the diminution of the effect of the LSD with time. 
This indicated that the active principle in the tissue extract that stimulated the 
heart was not 5HT. It should be noted that Welsh and McCoy (1957) state that 
LSD is not a true inhibitor of 5HT. Instead they suggest that LSD makes Venus 
heart beat maximally so that 5HT cannot show its effect. Our experiments on the 
snail heart show that the brain extract can still have an effect after LSD though 
5HT cannot. This would suggest that there is a true inhibition in this case. 

(d) The action of bufotenin (N-dimethyl 5-hydroxytryptamine). The considerable 
activity of 5HT on the snail heart but the apparent difference between this substance 
and the snail extracts led to the investigation of another indole compound related 
to 5HT, bufotenin. Bufotenin added to the snail heart at a concentration of 
10-4 g/l. caused the heart to increase its rate and amplitude in a manner much like 
that of 5H'T. The threshold to bufotenin was approximately 10~* g/l. and higher 
concentrations blocked the action of the heart to further additions of bufotenin. 
The heart failed to respond to 5HT after treatment with bufotenin at 10-* g/I. 


(ii) Frog heart preparation 

The sensitivity of the snail heart was found to show considerable variation 
throughout the year. In the summer it often appeared to be completely refractory 
to the addition of 5HT and of snail tissue extracts. ‘This led us to seek an alternative 
assay technique and we chose the isolated frog heart. 

(a) The action of 5HT. The action of 5HT on the isolated frog heart varied 
according to whether the heart was isolated from a winter frog or a summer frog. 
In the winter heart the threshold sensitivity to 5HT was 10-7 g/l., the beat being 
diminished (Fig. 7). The inhibition was more complete at 10-* g/l. but was 
reversible since the heart beat recovered following washing with Ringer. ‘The 
response of the summer frog heart was quite different. ‘There was no response to 
low concentrations of 5HT but at 10~* g/l. the heart showed an increase in the 
amplitude of the beat though with little modification of the rate (Fig. 8). 

(b) The action of ganglion extracts. The action of snail ganglion and tissue 
extracts assayed on the frog heart is shown in Fig. 8. The purified brain and heart 
extracts increased the amplitude of the frog heart beat. The heart often beat more 
regularly after the addition of the extract, this effect being noticeable after the heart 
had returned to its normal amplitude. 
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(c) The action of LSD. During the period when 5HT acts in a stimulatory 
manner on the frog heart, it is difficult to distinguish between 5H'T and the 
unknown snail substance since both cause excitation. During the winter period 
this difference is apparent since at this time the snail material is still excitatory 
whilst the 5HT is inhibitory. 

LSD is antagonistic to 5H'T in the snail heart and can be used there to distin- 
guish between the action of 5HT and the tissue extract. When LSD was added 
to the frog heart it was found to give a threshold response at 10~¢ g/l. and gave a 
slight increase in amplitude without causing any great increase in the frequency. 
The response was transitory and not as prolonged as the action of LSD on the 
snail heart. It is of interest that 5H'T added to the frog heart shortly after treat- 
ment with LSD still manifests its own action. ‘That is to say that it still slightly 
stimulated the frog heart during the summer period. This would indicate that 
LSD is not antagonistic to 5H'T on the summer frog heart. Snail brain extracts 
are not affected by the action of LSD when assayed on the summer frog heart. 

(d) The action of bufotenin. When the isolated frog heart was perfused with 
dilute concentrations of bufotenin (10-*-10-° g/l.) there was no effect. Perfusion 
with a concentration of 10~* g/l. caused a slight increase in the amplitude of the 
beat. This still occurred in summer frogs when 5HT had an inhibitory effect on 
the heart amplitude. 

(e) The action of extracts from the pericardial glands of Carcinus maenas. 
Alexandrowicz and Carlisle (1953) demonstrated that a crustacean cardio- 
accelerator could be obtained from the pericardial glands of Carcinus and other 
decapod crustaceans. When such extracts were tested by us on frog hearts and 
compared with the action of snail brain extracts, they appeared to have a similar 
pharmacological effect. Carlisle (1956) and Carlisle and Knowles (1959) tentatively 
identified the pericardial substance as 5:6 dihydroxytryptamine. 


(3) Identification of the Material 


After running the chromatograms in the different solvents, various chemical 
reagents were applied and these revealed the presence of certain reactive groups 
in the extracted material. ‘The areas corresponding to these spots were then 
eluted from a parallel run and the pharmacological activity assayed. ‘The most 
sensitive colour test was the ninhydrin reaction. ‘This test was positive in two 
areas, both of which were pharmacologically active. ‘These had an Rf value of 
0-48 (0-42-0-55) and 0-57 (0-52-0-66) in tert. butanol—-methanol—water and an Rf 
of 0-28 (0-23-0-32) and 0-21 (0-17—0-24) in pyridine—amy] alcohol—water. 

These positions were active to other tests as summarized in Table 1. ‘The 
positive reaction with ninhydrin indicated that the active material contained a 
primary amine group. When ninhydrin is used with acetic acid it becomes 
indicative for 5H'T by giving a golden fluorescent spot under ultra-violet illumin- 
ation (Jepson and Stevens, 1953). This test proved to be negative for snail material ; 
the snail material being of sufficient concentration to give a pharmacological 
reaction equivalent to a 5HT concentration that did give a positive colour test. 
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Another indication of the nature of the active substance was given by the 
Folin—Ciocalteau reagent for phenols. When the reagent was sprayed onto the 
chromatograms under acid conditions, the two active positions showed up as 
light blue spots; this reaction was intensified by placing the paper in ammonia 
fumes and indicated that the substances were phenols (Erspamer and Boretti, 1952). 
If phosphomolybdic acid was added to the chromatogram followed by ammonia, 
a blue colour appeared which indicated that the material was possibly of a diphenolic 
nature (Riley, 1950). 


TABLE 1—CHEMICAL TESTS CARRIED OUT ON ACTIVE POSITION ON CHROMATOGRAM 


Test Reaction Conclusion 


Ninhydrin Positive Primary amine 
Ninhydrin/acetic Negative Not 5HT 
Phosphomolybdic NH, Positive Diphenol 
Folin—Ciocalteau Positive Phenol 
Diazotized sulphanilic acid Positive Aromatic amine 
Diazotized p-nitroaniline Positive Aromatic amine 
p-dimethylamino-benzaldehyde Negative Not indolic but shows amine 
reaction. 
Potassium dichromate and formaldehyde Negative Not 5HT 
1-nitroso-2-naphthol Positive 5 OH group 
0-1 N HCl Negative Not 5 OH indole 
Salkowski (HCIO, and FeCl,) Negative Not indolic 
Potassium ferricyanide and ethylene dia- Negative No catechols 

mine 
Silver nitrate and potassium dichromate Negative No purines 
Indicators Negative No organic acids 
Hanes and Isherwood test Negative No phosphate 
Schiff’s reagent Negative No keto group 
Hydroxylamine Negative No choline esters 
Dipicrylamine Negative No choline esters 


The active positions were also able to undergo coupling reactions with diazo- 
tized sulphanilic acid and diazotized p-nitroaniline, which was further indicative 
of a phenolic group in the molecule and that the molecule was, most likely, aromatic. 
Udenfriend et al. (1957) have pointed out that if the hydroxyl group is present in 
the 5 position, then the substance should give a purple spot when sprayed with 
1-nitroso-2-naphthol and nitrous acid. ‘This test is fairly sensitive giving a reaction 
with 5 wg of material. 5HT gave a positive reaction with this material and the 
snail extract gave a very weak colour reaction which would indicate that there was 
a hydroxyl group present in the 5 position. Other tests which gave a positive 
response with 5H'T’ but which were negative for the brain substance were the 
pink fluorescence with 0-1 N HCl; a purple colour with p-dimethylaminobenzal- 
dehyde; and a golden yellow fluorescence with potassium dichromate and 
formaldehyde. 

Miscellaneous tests for various groups include the ferricyanide test for catechols 
(Ostlund, 1954); silver nitrate and potassium dichromate for purines (Ruguera and 
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Asimov, 1950); molybdate test for phosphate (Hanes and Isherwood, 1949); 
Schiff’s reaction for ketones (Vogt, 1957); hydroxylamine (Whittaker and 
Wijesundra, 1952) and dipicrylamine (Augustinsson and Grahn, 1953) for choline 
esters. ‘The active snail extracts were negative for all these tests. 


DISCUSSION 

It has been known for some time that extracts from snail tissues can have a 
cardiac accelerating effect. Haberlandt (1930) showed that extracts from the foot 
muscle of Helix pomatia were capable of exciting the frog’s heart in dilutions down 
to 10-17. Jullien et al. (1956) found that extracts from various organs of the snail 
such as mantle, heart, albumen gland, nervous system, hepatopancreas and kidney, 
caused an acceleration and increase in amplitude when added to the isolated heart 
of the snail. The activity was greatest in the mantle, and when it was added to a 
stopped heart it could bring about a renewal of the heart beat. Considerable 
quantities of this material could be released by electrical stimulation of the cardiac 
nerve. No attempt was made to identify the active principle in the extracts. 

In 1951 Erspamer and Ghiretti suggested that enteramine (5H'T) was present 
in extracts prepared from the isolated mantle of the snail Helix pomatia. ‘Their 
identification depended upon the similarity between the accelerating properties of 
the extract and 5HT. ‘They did not, however, present any chromatographic or 
chemical identification of the material. ‘The resemblance between the pharmaco- 
logical action of various nerve extracts from invertebrates and 5HT led Welsh 
(1957) to suggest that 5H'T was a neurohormone in some invertebrates, particularly 
in the Mollusca. It is noteworthy however that in no case was the effect of the 
extract assayed on isolated hearts after the addition of LSD as a blocking agent. 
‘The experiment was suggested but not actually performed (see Welsh, 1954; 
Welsh and McCoy, 1957). ‘The chemical identity of 5HT in the molluscan 
extracts depended on the similarity of Rf values of 5H'T and the active material 
obtained from the extract. Both chemicals gave a coupling reaction with diazotized 
p-nitroaniline, a test which is specific only for phenols and not 5H'T. Meng (1958) 
working on extracts from the lung, foot, blood, kidney and mid-gut of Helix 
showed that there was a cardiac accelerator that had the same Rf as serotonin (5H'T) 
in at least four different solvents. It also moved in a similar manner during paper 
electrophoresis. Meng concluded that 5HT was present in the snail extracts. 
He also found an inhibitory substance in his extracts which he identified as acetyl- 
choline from its Rf properties. From our own extracts we have obtained an 
inhibitory substance which gave positive colour reactions indicating that it had 
an indolic nature. 

Florey and Florey (1954) suggested that 5H’'T might be the substance present 
in nerve extracts from decapod crustacea. They based their conclusion on the 
similarity of action of 5H'T and their extract on the isolated heart and the closure 
of the crusher claw. 

Alexandrowicz (1953) described some organs lying across the end of the 
openings of the gill cavity of decapod crustaceans. The blood flowed over these 
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organs before entering the pericardial cavity. In a pharmacological investigation 
Alexandrowicz and Carlisle (1954) showed that the substance contained in these 
pericardial organs was not adrenaline or noradrenaline, though it had cardiac 
acceleratory properties. Carlisle (1956) reported further investigations into the 
nature of the substance and showed that it was destroyed by amine oxidase; it gave 
a transient fluorescence when NaOH was added (as is also shown by catechol 
amines); it had similar colour reactions to 5H'T but when chromatogrammed it 
gave two spots which lay either side of the position of 5HT. The activity was 
destroyed by o-diphenol oxidase. Carlisle suggested that the substance could be 
5-6-dihydroxytryptamine (Carlisle and Knowles, 1959). 

The cardiac accelerator substance obtained from the tissues of Helix aspersa 
shows certain similarities to 5H'T but there are at least five important differences 
between the two. 

(1) LSD antagonizes the action of 5H'T on the isolated snail heart but does 
not affect the action of snail extract. 

(2) The response of the isolated perfused frog heart shows two different 
reactions to 5H'T’ depending on the time of year. ‘(he summer frog heart responds 
by a slight acceleration to 5H'T but the winter frog heart is inhibited by 5HT. 
Snail brain extracts on the other hand always showed the same effect on the frog 
heart; they accelerated the beat and increased its amplitude. A _ transitory 
inhibition does sometimes occur if the brain extract is very concentrated but this 
is followed by a violent acceleration and augmentation of the heart beat. 

(3) Solution of 5H'T and tissue extract of equivalent strength as shown by 
bioassay gave different colour reactions to the various chemical tests. 

(4) Chromatographic separation of the active material showed that the active 
material had a different Rf to 5HT in ¢ert. butanol-methanol—water. ‘The activity 
also appeared to be associated with two areas rather than just one. The Rf 
differed from that for adrenaline, noradrenaline, DOPA and DOPAmine. 

(5) 5HT added to an irregularly beating snail heart causes it to beat more 
strongly but the beat soon returns to its irregular pattern. Snail tissue extract 
causes not only an acceleration but also a regularization of the heart beat which is 
maintained some time after the acceleration has disappeared. 

The chemical tests indicate that the substance present in the extracts is an 
aromatic amine possessing one or more hydroxyl groups, one of which is possibly 
in the 5 position. It does not appear to be an indole and in this it differs both from 
5HT and the Carcinus pericardial extract. Meng (1959) has found that in the 
snail extract there is a cardiac accelerator which is not inhibited by LSD. He 
suggests that there are thus two cardiac accelerators, one of which is 5HT. We, 
however, have not so far been able to find 5HT present in the snail material. 

We have found that addition of brain extracts to isolated Helix hearts increases 
their respiratory rate and this substance could possibly be responsible for the 
control of respiration that we suggested occurred in Helix (Kerkut and Laverack, 
1957). 

Acknowledgement—We should like to thank Sandoz Products Ltd. for a gift of bufotenin. 
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PROPERTIES OF THE CONNECTIVE TISSUE PIGMENT OF 
LITHOBIUS FORFICATUS (L.) 


A. E. NEEDHAM 
Department of Zoology and Comparative Anatomy, University Museum, Oxford 
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Abstract—Asteroid cells, filled with granules of this violet pigment, permeate all 
organs following the tracheae. The pigment is soluble in aqueous but not in lipid 
media. It shows a reversible pH colour change (pH 4-8), and a reversible redox colour 
change = +270 mV). The oxidized alkaline form has peaks in light-absorption 
at 575 and 257 mu with minor peaks at 400 and 350 mp. A characteristic ultra-violet 
fluorescence is reversibly quenched by acids and by reducing agents. It is stable to 
heat and to most mild chemical reagents, but eventually turns brown in tissue- 
homogenates. It is loosely associated with protein on the alkaline, but bound to it 
on the acid side of its pH-indicator, and their co-precipitation point. It contains 
nitrogen, phosphorus, copper and materials reacting positively for phenols and 
pentoses, but no purines, pyrimidines, pyrroles, porphyrins, indols or lipids. 
Chromophor and protein together contain 6 per cent nitrogen, 8—15 per cent phenols, 
3-5 per cent pentose, 0-26 per cent phosphorus and 0-12 per cent copper. The pigment 
shows the properties of a biuret compound and similarities to the copper proteins. 
It may function in respiration under hypoxia, or in the oxidative darkening of the 
exoskeleton. 


INTRODUCTION 
‘THIs pigment has been known for some time (see Attems, 1930, p. 300) but its 
reversible oxidation-reduction change of colour, between violet and pale yellow, 
appears not to have been recognized generally (Needham, 1958), though it has 
been observed and investigated by Pryor (1959). An increase in amount of the 
violet oxidized form of the pigment was noticed on dissecting open the animal 
(Needham, 1945). Interest in this property was revived by recent work on other 
tissue-pigments with redox properties, in particular the ommochromes (Butenandt 
et al., 1954; Needham and Brunet, 1957). In ommochromes, and in some other 
pigments, the significance of the redox property is obscure. As a pigment of the 
connective tissue, that of Lithobius presents a new feature which might prove 
informative and therefore its properties have been further investigated. For 
brevity it may be called lithobioviolin. 
METHODS 

The histology of the pigment and its distribution in the body were examined, 
and it was subjected to simple experiments in situ. Methods of extracting and 
separating it were devised and its solubility properties ascertained. Its oxidation— 
reduction properties im vitro were investigated and the absorption spectra of 
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Fic. 1. Photomicrograph of the subcutaneous connective-tissue pigment of Lithobius, 
seen by transmitted light. The granules are packed in stellate cells. The nucleus of 
one cell is visible near a tracheal tube. The large pale granules are in another type of cell 
(possibly fat-body tissue) which tends to be distributed with the pigment-tissue. ( x 1000.) 


Fic. 2. Photomicrograph of pigment-tissue of Lithobius, showing (1) the extent to 
which it invests the tracheal system, (2) strands of pigment-tissue crossing between 
anatomically separate tracheal tubes, (3) the space between pigment cell and tracheal 
tube occupied by epidermal lining-cells of the latter. (x 500.) 
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oxidized and reduced forms plotted. Its composition was investigated and some 
components were estimated quantitatively. 

Absorption spectra in the visible range were plotted with a Unicam S.P.350 
spectrophotometer and in the ultra-violet range with a Hilger Uvispec instrument. 
Both were checked by records from a Cary double-beam self-recording spectro- 
graph. The Unicam instrument was used also for quantitative estimations of a 
number of components by colorimetric methods. For pH and E, measurements 
an E.I.L. potentiometer was used, and for total nitrogen estimations a Markham 
steam distillation apparatus. A Svedberg apparatus was used for ultracentrifuga- 
tion and paper-electrophoresis apparatus was designed by Dr. Brunet. 

The rationale for a number of the steps in the investigation is best understood 
in the light of antecedent results and therefore reference to the relevant methods 
will be made in the appropriate context, together with details of any which are 
original. The yield of pigment is substantial and it was possible to carry out 
almost every experiment using not more than the total yield from a single indi- 
vidual and often considerably less. About 200 individuals were used. 


RESULTS 


1. Histology and distribution of the pigment 


It occurs in spherical granules or vesicles of 1 diameter, and fills elongated 
to stellate connective-tissue cells throughout the body, but very abundantly under 
the epidermis of certain regions (Fig. 1), where the cells may form a layer as 


dense as, and histologically similar to, the integumental pigment layer of other 
arthropods. That of the isopod crustacean Asellus in fact appears to be mesen- 
chymal in origin (Needham, 1942, 1949). The density of the sub-epidermal 
layer of lithobioviolin is not very evident, however, because the violet colour is 
virtually complementary to the amber of the exoskeleton and therefore appears 
merely to darken the latter. Individuals vary in colour between golden and deep 
chestnut-brown, depending on the amount of oxidized subcutaneous pigment. 
There is little pigment under the ventral epidermis of the body, and on the legs 
also it appears to assist countershading. Violet colour is usually visible through 
the pleural membranes and immediately after moulting an individual is a brilliant 
and deep violet. ‘The pigment gives L. variegatus its black patches. 

The pigment cells appear to invest and permeate all the internal organs except 
perhaps the mid-gut. ‘They are usually aggregated round tracheal tubes, particu- 
larly the finer branches (Figs. 1, 2), and this is true even of the sub-epidermal 
layer. Strands of pigment-tissue cross over between topographically neighbouring 
but anatomically separate tubes (Fig. 2) and there are probably some strands 
wholly unrelated to tracheal tubes. Further, the investment of the larger tubes 
is sparse and patchy, and therefore there is little doubt that it is adventitious and 
not derived from the tracheal epidermis itself. In many places it is possible to 
see the space occupied by the latter between the pigment cell and the exoskeletal 
lining of the tube (Figs. 1 and 2). 
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The permeation of the fat-body is particularly rich, especially in the segments behind 
the head and again towards the posterior end of the body. Here the cells are more compact 
and are densely filled with granules as large as 3 « and more reddish in colour. The fat 
cells themselves contain a brownish pigment, but, like other tissues, they rather readily 
take up the violet pigment when it is released from its container-cell. Although red-purple 
within the granules the pigment becomes violet in aqueous solution. Leaching of the 
pigment leaves green to yellow ‘ghosts’ of the granules. 

Around the skeletal muscles the pigment investment is rather sparse and the tracheal 
tubes running longitudinally between the individual muscle fibres appear virtually free of 
it. Larger greenish granules are found there, possibly in the sarcoplasm itself. Muscles 
dissected-out are sometimes tinged pink with pigment and sometimes the colour may be 
caused to develop by oxidizing agents in the muscles of detached limbs. However, the 
pigment is so readily released from the connective tissue cells upon injury, as Pryor also 
observed, that it may not be indigenous to the muscle. The latter takes it up from solution 
very readily. Attems (1930, p. 297) records the blood of chilopods as colourless or violet, 
but that of a normal Lithobius appears to be always colourless if obtained with minimal 
damage to the pigment cells, as by transecting the antennae or the posterior legs. In other 
places the first drop of blood may be coloured. Pryor confirms the absence of pigment 
from uncontaminated blood. The blood corpuscles are unpigmented, and stable after 
shedding the blood. The pigment shed at the actual site of a wound may play a part in 
forming the seal over it, which is dark brown and granular, and forms within a few hours. 
Just outside the region of discharged pigment the granules merely aggregate into the 
centre of the cell, as in typical chromatophores. This aggregation in the cell has been seen 
also on occasion after the death of the animal. 

Pigment cells are first evident in the young soon after hatching and increase in number 
with the darkening of the exoskeleton. The relative, as well as the absolute, amount may 
increase with body-size. 

The amount of pigment visible through the integument and the amount extracted vary 
between individuals. Males possibly contain more than females. Occasionally pigment in 
solution was found in the gut lumen. Many large cells also were present so that this pig- 
ment may be of dietary origin. 


2. Extraction, solubility properties and separation 


The pigment proved insoluble in all organic solvents used: amyl and absolute 
methyl and ethyl alcohols, acetone, ether, ether and glacial acetic acid, chloro- 
form, toluene, ethylene chlorhydrin and olive oil. The addition of lecithin or of 
cholesterol to the latter did not make it an effective solvent, but the pigment was 
soluble in aqueous solutions of some organic solvents, e.g. alcohol, acetone and 
pyridine. It precipitated at a concentration of 80 per cent ethanol, whereas a 
colourless contaminating material could be precipitated differentially at 50 per cent 
concentration. 

Neutral and alkaline aqueous media proved the best solvents. It was possible 
to extract virtually all of the pigment by simply steeping the lightly teased carcass 
in distilled water. The resulting solution was relatively clear and free of gross 
impurity, but to speed the extraction the carcass was sometimes homogenized, 
after removing the gut and gonads which contain little pigment and much 
contaminating material. NaOH, up to a concentration of N/1000, was sometimes 
added to the water to aid extraction. ‘The resulting supernatant contained con- 
siderable suspended matter which resisted prolonged centrifugation and passed 
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through a No. 1 filter paper. It was removed, along with other impurities, by 
first running the extract upwards on filter-paper strips, allowing the water to 
evaporate from the upper edge of the paper where the pigment concentrated. 
From the excised edge it was dissolved in distilled water and could be obtained 
in high concentration. Spectroscopic examination indicated that this was already 
a relatively pure preparation. 

It was further purified by precipitation with dilute HCl, at pH 4-8, the iso- 
electric point of a large number of proteins. ‘The precipitate was mauve and 
flocculent. After filtering and washing on the paper with water acidified to 
pH 4-8 the pigment was dissolved in N/1000 NaOH, and either reprecipitated or 
run again on a filter-paper strip. ‘The yield of this material, dried over phosphorus 
pentoxide, was from 2:5 to 8 per cent of the wet weight of the body, and as much 
as 17 per cent of the dry weight. 

On the acid side of the isoelectric point the precipitate redissolved to give an 
apricot-pink solution, presumably indicating a change in ionization of the pig- 
ment, which thus is a pH-, as well as an oxidation—reduction, indicator. Such 
pigments usually have a pale reduced form: those in which both oxidized and 
reduced forms are strongly coloured do not usually show a pH colour-change 
in addition. 

In concentrated solutions, on the alkaline side of pH 4-8, there was a di- 
chromatic redness. ‘This and other properties might seem to imply the presence 
of more than one pigment. However, the evidence from both electrophoretic 
and simple paper chromatography did not support this, and the redness may be 
due to the crimson fluorescence (p. 83) seen in the beam of a mercury-vapour 
lamp. 


In most aqueous solvents the pigment ran with an R, value of 1:0 and in most others 
it failed to move at all (R, = 0). In neither case was there evidence of more than one 
coloured component. Clearly, intermediate R, values are desirable for a satisfactory 
decision; those which did give intermediate values caused serious streaking of the colour, 
though again with no evidence of polychromacy. Probably the most satisfactory technique 
developed was to impregnate papers with (NH,),SO,, buffered to pH 7-0 with phosphate, 
to dry them and apply the lithobioviolin on the starting line. This was then run in an 
aqueous solvent, usually saturated NaCl. A single band of colour ran with an R, of 0-38. 

In an electrical field the pigment did not move at pH values of 2-7 and 4:8 but in more 
alkaline buffers it moved towards the anode, again as a single component. A second pig- 
ment is formed by degradation (p. 78) and this was separable chromatographically. It 
was not a usual contaminant of the material used. 


By careful acidification virtually all of the pigment was precipitated but often 
a small amount passed through its pH indicator-range both ways without overt 
precipitation. This indicated that a chromophor group of low molecular weight 
is separable from its co-precipitating protein. This was confirmed by the above 
chromatographic procedures and also by ultracentrifugation and dialysis. 

When ultracentrifuged in phosphate buffer at pH 7-0 the chromophor was not 
closely associated with the main sedimenting component and showed only a slight 
tendency to sediment at all. 
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Using collodion sacs, much of the chromophor dialysed out into media more 
alkaline than pH 4-8. It therefore resembles the flavin chromophor of the flavo- 
proteins (Fox, 1953, p. 284). It did not pass through Visking tubing, however, 
so that its molecular weight may be established within narrow limits: it is probably 
fairly near 4000. On the acid side of pH 4-8 it did not dialyse through collodion 
and therefore may be firmly bound to the protein in acid media. Alkaline media 
are used to split off what is believed to be the prosthetic group from haemocyanin 
(Fox, 1953, p. 301). 

The isolated chromophor continued to show its usual pH colour change when 
mixed with egg albumen solution (isoelectric point 4-8—4-9) but it changed colour 
at a pH of 5-6 and the isoelectric precipitate contained little yellow pigment. 
The association with the natural protein therefore has specific properties. ‘The 
albumen association rather rapidly became faded and discoloured. 

Electrophoresis was studied in the following buffers: acetate—acetic at pH 2-7 and 4:8, 
phosphate at pH 7-0 and 8-0 and boric—borate at pH 7:2 and 8-7. Paper strips drew 0-2- 
2:0 mA of current, according to the buffer mixture, from a 120 V dry battery. After the 
run the paper was dried, stained for protein with bromophenol blue in saturated ethanolic 
HgCl, and differentiated in dilute aqueous acetic acid. 

At pH 2:7 there was no movement of chromophor or protein and at 4-8 also 
there was only a slight electro-osmotic movement of both towards the anode. 
However, a little of the chromophor, free of protein, moved at 2 cm/hr towards 
the anode so that presumably its pK is fairly near this value as the colour-change 
had indicated. At pH 7-0 and 7-2 the initial electro-osmotic movement of both 
towards the cathode was followed by a steady movement of the band of colour 
towards the anode. ‘The protein was found to have moved from the turning- 
point in the same direction, about one-third of the distance. At pH 8-0 and 
8-7 the movements were in the same directions, the chromophor travelling at 
2cm/hr and the protein at one-half to one-third of this speed. There was no 
trace of any material staining with bromophenol blue and fast to acetic acid 
associated with the chromophor, though this itself washed out in the treatment. 

From the filter-paper method of preparation (p. 75) it is clear that chromophor 
and protein run together in water and this was true of most running solvents 
tested. ‘The association behaved as a typical protein, i.e. in most solvents it had 
an R, value of either 1-0 or 0 and a relatively small change in solvent could change 
the value from one extreme to the other. In most aqueous solvents, including 
saturated NaCl, saturated sucrose and 25 per cent ethanol saturated with glucose, 
it ran on the solvent-front. An increase in concentration of ethanol from 70 to 
90 per cent and of (NH,),5O, from one-half to three-quarters saturation changed 
the R, from 1-0 to 0. At intermediate concentrations chromophor and protein 
streaked together, in absolute association, through much of the paper. On paper 
previously impregnated with (NH,),5O, (p. 75) again both remained completely 
associated with R, = 0-38. 

On the other hand a non-specific protein was separated by a number of these solvents 
and remained on the starting line. Conversely in water-saturated phenol this protein 
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Fic. 3. Photomicrograph of violet crystals formed in concentrated aqueous solution 
of the pigment of Lithobius. ( x 500.) 
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travelled on the front, while the chromophor and its associated protein did not move. In 
butanol—water—acetic, again, the pigment did not move, and the contaminating protein 
ran at R, 0:5. Ultracentrifugation showed two major sedimenting components and in 
electrophoresis there was sometimes an incipient resolution of the protein into two compo- 
nents. Both were precipitated by acidification but the non-specific protein was differentially 
precipitated by heat (p. 77) and by 50 per cent ethanol (p. 74). 

It seems probable, therefore, that there is a significant association of the 
chromophor with a specific protein, although the bonding is very labile, as it is 
in the flavoproteins. ‘The two seem to be firmly bonded on the acid side of the 
co-precipitation point and even on the alkaline side they were precipitated together 
by 80 per cent ethanol and by papain. Chromophor and protein are relatively 
easily separated also in the copper protein laccase (Keilin and Mann, 1938) and 
in other chromoproteins, e.g. visual purple. In view of this and further evidence 
below, it seems reasonable, as well as convenient, to refer to the association of 
chromophor and specific protein as the pigment, lithobioviolin. 

The isolated chromophor appeared to run less well than the pigment in water 
and aqueous-ethanol solvents, with more dissipative loss and probably some 
degradation. In this and in other aspects the specific protein appears to protect 
the chromophor. 

The pigment and the chromophor proved difficult to crystallize. This is not surprising 
in view of their high solubility, their pentose content and the nature of the association. 
The pigment remained in solution in saturated NaCl and in saturated (NH,),SO, even at 
pH 4:8. No doubt, therefore, special devices are necessary to retain it in granules in situ. 
Evaporation of solutions gave a slate blue amorphous solid which readily redissolved to a 
violet solution. The addition of a solute itself of high solubility, for instance urea, caused 
the slate blue colour even in solution. This was probably anhydrous pigment, therefore, 
but it remained indefinitely in solution. On evaporating solutions containing salts the 
pigment was incorporated, without loss of colour, into crystals of the latter. Salts from the 
animal’s own tissues gave birefringent, wheatsheaf-shaped crystals, probably due to calcium 
salts. 

In a few instances non-birefringent deep violet crystals were obtained, possibly of the 
pigment alone. They were shaped like flints (Fig. 3) with curved faces and showing 
conchoidal fracture very readily, on compression. They were green at certain angles of 
illumination, rather like the dye gentian violet. High concentrations of amorphous pigment 
in filter paper also showed this colour-effect. A few similar crystals were obtained 
by careful precipitation with a minimal amount of papain, which has been used as a 
practical method of crystallizing some haemocyanins. Ethanol precipitates were always 
amorphous. 

The pigment was precipitated by heavy metal cations but not by neutral 
picrate or by dichromate. 


3. Stability of the pigment 
Carcasses dried in air immediately after death gave pigment still with normal 
properties at least six months later. However, dry extracted pigment stored in 
filter paper gradually became less soluble in distilled water and the solution 
was greyer. 
Compared with most biological pigments the stability proved unusually great. 
It withstood boiling for long periods, probably indefinitely, though contaminating 
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material could be precipitated by this method; the pigment was still precipitable 
at pH 4-8 and therefore still contained the specific protein. A solution of pigment 
in 5 per cent trichloracetic acid was still very resistant to boiling and upon 
neutralization the violet colour was restored. It was also stable for many days 
in saturated ammonia solution, and for some time in cold N NaOH, though in 
concentrated NaOH it turned yellow and then brown. In fused NaOH this 
brown pigment turned violet once more and finally green. 

Apart from those agents causing the redox or the pH colour changes few 
affected the colour of the pigment significantly. Papain precipitated it without 
other visible change and trypsin failed either to precipitate or to discolour. Most 
organic solvents also had no effect on the colour. Other instances of its stability 
are mentioned below. Sucrose and aqueous pyridine slowly decolorized it, how- 
ever, and strong oxidizing agents, NaClO, H,O, and Na,Qg, in high concentration 
turned it yellow. Repeated reduction and oxidation in phosphate buffer at pH 7-0 
using dithionite and hydrogen peroxide respectively (p. 78) resulted in gradual 
bleaching. 

Left in contact with other constituents of an homogenate the pigment eventually 
turned yellow-brown. When the crude supernatant was run slowly on filter 
paper (p. 75), the last traces of pigment reaching the edge were brown. It could 
be shown that this was an actual conversion of the pigment and not the formation 
of an independent pigment by confronting a moistened piece of the edge with 
a piece containing violet pigment, when the latter also turned brown at the point 
of contact. This also implies that the process once started is autocatalytic and it 
was possible to induce browning serially in a second violet edge. ‘This brown 
pigment retained a redox colour-change and in the early stages re-oxidation of 
its yellow reduced form restored a redder colour, perhaps indicating that the 
brown is a further oxidation stage of the violet. 

The degraded pigment showed an R, of 0 when run in NaCl solution on (NH,),5O,- 
impregnated paper, and so could be separated from the native pigment by this means. 
Electrophoretically also it behaved differently. The component of the pigment not precipi- 
tating at pH 4-8 appeared to contain some of this degraded form. 


4. Oxidation—reduction properties 


In solution the pigment was readily reduced by such reagents as sodium 
dithionite of which 1-0 ml of fresh M/100 solution completely reduced 20 mg of 
pigment in an atmosphere of nitrogen. With no excess of reducing agent the 
pigment immediately re-oxidized in air. In solution therefore it is capable of 
acting as a reversible oxidation—reduction agent and this was confirmed by plotting 
its oxidation-reduction potential, F,, as a function of the percentage reduced 
which is proportional to the amount of dithionite added. The curve (Fig. 4) has 
the sigmoid form characteristic of reversible redox agents (Hewitt, 1950), the 
potential being well “buffered” over the transition range of the agent. In phosphate 
buffer at pH 7-0, at 20°C, the £,’ value, that is the potential corresponding to 
50 per cent reduction of the pigment, was found to be around +270 mV, the 
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value tending to decrease with time, possibly accelerated by previous reduction— 
re-oxidation treatments. The colour likewise then persisted to a progressively 
lower E), value. There was some loss but no change of colour of the oxidized 
species. 


Pigment extracted and dissolved in phosphate buffer at pH 7-0 and 20°C had a potential 
between +278 and +298 mV, i.e. near the upper end of its transition-range (though about 
30 mV lower than that of a simple solution of the buffer), so that on titrating against 0-01 M 
H,Og, in phosphate buffer, the potential immediately rose with sharp acceleration. When 
exposed to air therefore the pigment is almost fully oxidized, but it is still just within its 
transition range and potentially is capable of acting as a reversible redox agent im vivo, in 
the presence of systems with an E,’ value below its own (pp. 82, 96). Once the pigment 
was fully oxidized the potential of the solution increased more slowly and linearly with 
the amount of H,O, added. 


It is possible to determine the number of electrons, , involved in the essential 
redox reaction of the pigment (Preisler, 1930), by fitting to the experimental 
points the theoretical E,, curves for successive values of n, using the relationship 


0-5 
0-0! M dithionite, ml 
Fic. 4. Graph of the oxidation—reduction potential, E,, of the pigment of Lithobius 
in phosphate buffer at pH 7-0 and 20°C as a function of percentage reduction, measured 
by the amount of reducing agent added. Experimental points: . Theoretical 
points (a) for a one-electron oxidation—reduction reaction, © © ; (b) for a two-electron 
reaction, ® @. The pigment was fully oxidized prior to the experiment. 


E,, = Ey +(RT/nF) log ({ox]/[red]), where R is the gas constant, T the absolute 
temperature, and F' the faraday (96,500 C/chem. equiv.). ‘The value of Ej’ is 
estimated from the experimental curve and the experimental values of the 
concentration-ratio of oxidized to reduced form also are used. The actual results 
most nearly fitted the theoretical curve for m = 2 (Fig. 4), as in most oxidation— 
reduction reactions. 
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In aerobic conditions the pigment-solution appeared capable of oxidizing dithionite 
continuously and indefinitely so that up to a critical rate of flow of the reducer the potential 
was maintained above a ‘“‘lower limiting value’’. A further increase in rate of flow caused 
a precipitous fall in potential. Crude pigment, on account of its catalase activity (p. 81), 
showed some ability to hold the potential within its transition range also at the oxidized 
end up to a limiting rate of flow of H,O,. This ‘‘system”’ therefore could act as a veritable 
‘“‘redex buffer’ against both oxidation and reduction. 

Spontaneous reduction of the pigment merely by lowering the oxygen-tension 
is scarcely to be expected in view of its high Ey’ value and rapid oxidation in air, 
and in fact only partial decolorization of the solution was obtained, even on long 
standing over alkaline pyrogallol in a sealed vessel. Cylinder nitrogen and carbon 
dioxide also failed to reduce it. ‘Taking the FE,’ value of an atmosphere of oxygen 
as +810 mV and assuming a decrease of approximately 30 mV for each unit 
decrease in rH, i.e. each time the oxygen tension is reduced by a factor of 107, it is 
clear that traces of oxygen in the cylinder gases would be adequate to oxidize a 
pigment of Ey,’ around +250 mV. 

‘The observed £,’ value in general is consistent with observed reactions of the 
pigment with biological redox agents of known potential. ‘Thus neutral ascorbate 
(E)’ =+80mV at pH 7-0) reduced it fairly rapidly, and neutral cysteine 
(E,’ = +270 mV) slowly, while neutral glutathione (+450 mV) did not visibly 
affect the colour. Ina mixture of the pigment with dilute methylene blue (+ 11 mV) 
reduced by dithionite the pigment decolorized before and reoxidized after the 
methylene blue. ‘The colour of methylene blue alone is easily distinguished from 
the Cambridge blue of the mixture. A similar test against riboflavin showed the 


same order but phenol blue (+216 mV) reduced before the pigment; and more- 
over, it did not readily reoxidize. Its low solubility in water may be a compli- 
cating factor, but in any case the FE,’ value clearly does not completely govern 
oxidation-reduction behaviour. ‘Thus, in spite of its low value (—400 mV) in 
glucose, the latter reduced lithobioviolin extremely slowly even on heating, while 
neutral formaldehyde caused no visible decrease in colour in many weeks at 


room temperature. 

‘The pigment also promoted the oxidation, at pH 7-0, of certain phenolic 
compounds which have a considerably higher FE,’ value, e.g. adrenalin (+ 380 mV) 
dihydroxyphenylalanine (+460 mV), and hydroquinone (+560 mV), but this 
probably depends mainly on its protein component. The action was restricted 
to particular para-di-substituted phenols and there was no detectable action, at 
this pH, on the para-compound tyrosine or on various other di-substituted 
phenolic compounds—catechol, resorcinol, p-cresol and pyrogallol. ‘The action 
on dopa was not abolished by prior heating for 15 min at 100°C and presumably 
is not enzymic, but the amount of dopa oxidized seemed to be much more than 
stoichiometric, even if the pigment itself also was browned (p. 78) in the process 
and so contributed to the darkening. ‘The action of the isolated chromophor was 
little more than stoichiometric. 

When reduced in the presence of neutralized cysteine the pigment could be reoxidized 
by shaking with air and it reduced once more on standing. This could be repeated as long 
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as any cysteine remained, or until the pigment itself was gradually degraded. This is not 
surprising since the EF,’ potentials of the two have so nearly the same value but the same 
behaviour was observed also with ascorbate as reducing agent, and mere traces of oxygen 
(for instance in crude cylinder nitrogen) were adequate to reoxidize the pigment. Here 
again the pigment was gradually degraded by the repeated treatment to a colourless and 
presumably a reduced form. By contrast, dithionite usually held the pigment reduced 
until itself completely oxidized, and when the pigment eventually reoxidized it 
remained so. 

Solutions of the pigment prepared by paper chromatography alone showed a vigorous 
catalase activity. The active principle therefore ran with the pigment on filter paper and 
was probably due to the second protein (p. 76) since it was destroyed by boiling for 10 min 
and by acid-precipitation of the pigment. On redissolving the pigment at a pH of 7 or 
greater some activity was restored, but this is probably non-specific and non-enzymic 
(p. 78). It thus appeared to be more sensitive to acid than mammalian catalase (Tauber, 
1949), differing from the latter also in being stimulated rather than inhibited by KCN 
and probably in lacking the porphyrin structure (p. 86). In this it resembles the catalase 
activity associated with haemocyanins (Ghiretti, 1956). he iron—porphyrin catalases can 
act also as peroxidases, transferring the oxygen released from hydrogen peroxide to a 
suitable substrate. Crude lithobioviolin gave with benzidine the normal blue-green colour 
due to peroxidase. Here as in other instances therefore (Malette, 1950) catalase activity is 
associated with both phenolase and peroxidase activities. The isolated chromophor showed 
no catalase or peroxidase activities. 


An oxidation-reduction activity which did appear at least as great in the 
chromophor as in the whole pigment was the reduction of iodine. This appeared 
to be considerably more than stoichiometric though not unlimited. The colour 
of the pigment was seen to be unchanged as successive additions of iodine became 
decolorized. ‘The reduction may be compared to that of ammoniacal silver nitrate 
(Table 2) and it is the more surprising that the pigment gave no chromaffin 
reaction. 

The preliminary evidence (p. 72) that the redox property might be regularly 
exercised im situ was not unequivocally confirmed. ‘The ideal requirement is a 
visible fluctuation, in the proportion of oxidized pigment in a living animal, in 
correlation with changes in oxygen-supply or in oxygen-consumption. ‘he deeper 
colour of the tissues of a dissected animal, and still better of a newly moulted 
living individual, would constitute such evidence, if the possibility could be ruled 
out that the deeper colour was due merely to release of pigment, already fully 
oxidized, from a compact granular form. It would indicate that at other times 
the pigment 7m situ is well within its redox transition-range. 


An animal immersed in liquid paraffin, in an air-free, sealed chamber, died in }—} hr, 
while one sealed in an air-chamber about forty times its own volume lived for 24-30 hr. 
In both cases however the subcutaneous pigment appeared to be scarcely changed until 
death, when it began to dissolve out of the granules, as Pryor found. In some animals 
immersed in liquid paraffin it dispersed initially in oxidized form throughout the body- 
fluids and only slowly reduced over the next 12 hr. In the sealed air-chamber however 
the solution was fully reduced from the time of release from the granules, which implies 
that the animal had been able to survive until oxygen was completely exhausted and this 
ability may be the property of the pigment. Calculation showed that the average consump- 
tion of oxygen by such imprisoned animals was only 0-33 ml/g/hr, so that they resist anoxia 
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also by economical respiration. Individuals survived several minutes in crude cylinder- 
nitrogen and were extremely active sporadically until the end. If released just before death 
due to nitrogen, or to oxygen depletion, the centipedes were paralysed and required several 
days for complete recovery. Few types of animals can survive in this way until tissue-anoxia, 
rather than systemic failure, becomes the critical factor. 

Small individuals subjected to the rapid anoxia of immersion in liquid paraffin did 
appear to become more translucent while still alive possibly owing to the reduction of 
deeper-lying pigment. A decrease in amount of oxidized pigment, in such situations as 
the core of the antennae, also seemed certain. In some instances in mid-body region even 
the subcutaneous granules appeared decolorized. However this merely emphasizes the 
fact which could have been predicted from the Ey’ value (p. 78) that the pigment can be 
extensively reduced only at very low oxygen tensions—or by chemical means. It might be 
mediating a rapid oxygen-transfer between tracheae and tissues down to these low tensions 
without any visible evidence. 

In situ in the granules the pigment proved even more resistant to reduction than in 
solution. Extremely high concentrations of chemical reducing agents were necessary. 
While this still does not rule out the possibility of continuous oxygen-mediation to specially 
adapted tissue-systems, it offers significance to the observed leakage of pigment from its 
cells under anoxia. Pigment was still oxidized in individuals recently dead of anoxia but 
reduced immediately upon release from the granules. There was some evidence of a 
suffused redness of the tissues of animals under acute anoxia and also of fluctuations in its 
intensity, which may indicate active mediation by this mobilized pigment. Individuals 
under slow anoxia passed considerable amounts of pigment in the faeces. 


5. Absorption-spectrum and other optical properties 


The oxidized pigment on the alkaline side of its isoelectric point showed a 
broad absorption in the yellow region of the visible spectrum and spectrophoto- 
metric measurement gave maximal absorption at 575 mp, a trough at 492 mp, 
and progressively increasing absorption at shorter wavelengths (Fig. 5). In the 
ultra-violet, manual plotting indicated possible minor peaks around 335 and 
365 mp, but these are uncertain because of technical difficulties in this range. 
Below 320 my absorption rose progressively to a peak at 257 mp and then 
decreased to a trough at 245 mu before the final steep increase at shorter wave- 
lengths. Automatic records confirmed the main features in both visible and 
u.v. ranges, and also indicated two minor peaks around 400 and 350 mp, 
respectively. 

The absorption-spectrum in the visible range is very similar to that of a 
typical haemocyanin, though in fact there is considerable variation among the 
latter (Redfield, 1934) in the position of the main peak and trough. The peak at 
350 my may correspond to that at 346 my in haemocyanins but the latter usually 
have a peak at 278 my due to the common phenolic amino acids in their protein. 
‘These amino acids therefore are not very abundant in lithobioviolin though its 
protein does give positive Millon and xanthoproteic reactions due to them 
(Table 2). ‘The peak at 257 mp may be due to other phenolic materials (p. 87). 
The reduced pigment showed a progressive increase in absorption with decrease 
in wavelength throughout the visible spectrum (Fig. 6). The extinction was 
closely proportional to the reciprocal of the fourth power of the wavelength as in 
reduced haemocyanin (Redfield, 1934). Also, as in the latter, light emerging 
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from the solution at right angles to the incident beam was partially plane-polarized, 
both properties indicating that very small particles in suspension are responsible 
for most of the observed extinction. Solutions of the oxidized pigment also 


O 


Extinction, log / // 


250 


Wavelength, 


Fic. 5. Absorption-spectrum (extinction of light/wavelength) of the oxidized form 
of the pigment of Lithobius, in distilled water: ©———© in the visible range and © 
in the ultra-violet. The scales above and to the right are those for the visible range. 


showed some polarization of the light. ‘The 257 mp peak persisted in the reduced 
pigment, and automatic records gave evidence of minor peaks around 350 and 
400 mp but possibly somewhat displaced from the positions in the oxidized 
pigment. 

The oxidized pigment on the acid side of its isoelectric point also showed a 
progressive increase in absorption with decrease in wavelength throughout the 
visible spectrum, but the extinction was virtually linear in the reciprocal of wave- 
length (1/). 

The oxidized pigment showed a moderate slaty blue fluorescence when viewed 
at right angles to the beam transmitted by a Woods filter and a striking, saturated, 
crimson fluorescence from this angle in the unfiltered light from a mercury- 
vapour lamp. In this beam the light directly transmitted by the solution was 
virtually colourless but it was red in the filtered beam. Both the transmitted 
colour and that scattered at other angles varied significantly according to the 
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: absorption-spectrum of the reduced form of the pigment of Litho- 
bius, at pH 7-0; (|): the same values for light-extinction plotted against the reciprocal 
of the fourth power of the wavelength (1/A*). The scale for this is given below: that of 


wavelength (A) above. 


TABLE 1—COLOURS OF LIGHT EMITTED ACROSS (FLUORESCENCE) AND TRANSMITTED ALONG 
THE BEAM, BY SOLUTIONS OF LITHOBIOVIOLIN IN THE UNFILTERED BEAM OF A MERCURY- 
VAPOUR LAMP AND IN THE RANGE TRANSMITTED BY A WOODS FILTER 


With Woods filter Without filter 


Condition of 
pigment 


Fluorescence 


Trans- 
mission 


Fluorescence 


Transmission 


Oxidized, neutral 


Slate-blue 


Red 


Crimson, saturated 


White 
(colourless) 


Chromophor 


Slate-blue 


Red 


Crimson 


White 


Oxidized, acid side 
of pH 4:8 


Slight, green, 
unsaturated 


Red 


Lemon-yellow 


Lemon-yellow 


Degraded by partial 
charring 


Strong, blue- 
green, 
unsaturated 


Red, strong 


Strong, lemon- 
yellow 


Lemon-yellow 


Reduced, alkaline 


Slight, green 


Red 


Slight, blue, 
unsaturated 


Lemon-yellow 


Degraded by heat- 
ing with N KOH 


Blue-green, 
unsaturated 


Faint red 


Slight, blue 


Lemon-yellow 
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state of the pigment, and this is summarized in Table 1. Reduction by dithionite 
reversibly quenched the crimson fluorescence in unfiltered light, and this returned 
in parallel with the rate of reoxidation of the pigment. Next to this the bright 
yellow fluorescence of acid and degraded forms in unfiltered light was probably 
the most striking feature. Probably both were slightly excited by daylight though 


masked by the normal colour of the pigment. 


6. Chemical properties and composition of the pigment 
Standard tests for a number of the more important constituents of biological 


materials were applied, and the results are given in ‘Table 2. 


In general, tests 


TABLE 2—QUALITATIVE TESTS FOR CHEMICAL CONSTITUENTS OF LITHOBIOVIOLIN 


Result 
Test for Test applied 
Pigment Chromophor 
Phenols Pauli’s diazo Positive (red-brown) — 
Free phenols Folin and Ciocalteu’s Positive Positive 
phosphomolybdate 
o- or p-disubsti- | (1) Ammoniacal silver Positive Positive 
tuted phenols nitrate 
(2) Chromaffin (iodate, Nil Nil 
bichromate) 
Phenols other than | Ferric chloride Nil 
p-disubstituted 
Tyrosine and some | Millon’s reagent Positive Nil 
other phenols 
Phenolic amino- Xanthoproteic Positive Nil 
acids, etc. 
Free NH, groups | (1) Ninhydrin Weak positive — 
(2) Nitrous acid (nitrogen | Positive = 
liberation) 
Primary amines Rimini’s nitroprusside Nil — 
Secondary amines | (1) Simon’s nitroprusside | Nil — 
(2) Nitrosamine-formation] Nil 
Tertiary amines Thatcher’s formalin- Nil Nil 
iodine 
Arginine Sakaguchi’s a-naphthol Positive — 
Cysteine Nitroprusside Nil — 
Sulphur proteins Lead acetate Nil — 
Kynurenic acid Jaffe’s chlorate Nil — 
Tryptophane and (1) Fearon’s tryptochrome | Nil — 
other indols 
(2) Herter’s B-naptho- Nil 
quinone sodium 
sulphonate 
(3) Bromine water Nil = 
Indols and pyrroles | Voissinet-Rohde’s p-di- Nil — 
methyl benzaldehyde 
Pyrroles Pine splint (1) Nil Nil 
(2) Positive on charred | Nil 


Bile pigments 


Fouchet’s test 


material 
Nil 


TaBLE 2—cont. overleaf 
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TABLE 2—cont. 


Result 


Test for Test applied 
Pigment Chromophor 


Creatinine Jaffe’s picrate Nil 
Urea Xanthydrol Insoluble precipitate, 
but no crystals 
Nicotinamide (1) Cyanogen bromide Doubtful 
(2) Ascorbic acid Doubtful 
Purines (1) Murexide Doubtful 
(2) Ammoniacal silver Nil (ppt. sol. in excess 
nitrate NH,OH) 
Pyrimidines Dialurate Nil (with or without 
hydrolysis) 
Carbohydrates Molisch’s test Weakly positive Weakly posi- 
tive 
Sugars Osazone crystal formation | Nil Nil 
Reducing sugars (1) Benedict’s test Nil Nil 
(2) Nylander’s bismuth Nil Nil 
subnitrate 
Pentose (1) Bial’s orcein Strongly positive Positive 
(2) 'Tauber’s benzidine Positive Positive 
Cholesterol Liebermann’s test Nil — 
Naphthoquinone Lead acetate Nil — 
Phosphorus Fiske and Subba Row’s Positive Positive 
molybdate 
Copper (1) Diethyl dithiocarb- Positive Positive 
amide 
(2) 2.2’-diquinolyl Positive Positive 


which gave no positive indication in the pigment were repeated on the isolated 
chromophor only when it seemed possible that isolation might unmask relevant 
reacting groups. It is seen that phenolic material, pentose-reacting material, 
copper and phosphorus were the only specifically significant constituents recog- 
nized in the chromophor, and that the associated protein contains tyrosine and 
arginine but no tryptophane or cysteine. 


The positive pine-splint reaction for pyrroles when the pigment was charred depends 
on changes in certain amino acids of the protein (Mullikan, 1916), and was given by other 
proteins also. It was not given by the charred chromophor. It seems possible that con- 
flicting opinions about the presence of pyrrole in haemocyanins (Redfield, 1934) may be 
due to inadvertent charring in some cases. Reports of pyrroles in some other pigments 
(Fox, 1953, p. 307) possibly also should be reinvestigated. The test is unsatisfactory also 
because even the steam from distilled water may give a slight positive reaction. The 
absence of pyrroles, confirmed by a null Voissinet--Rohde reaction, is important because 
the crimson ultra-violet fluorescence (p. 83) might have been due to porphyrin. However 
the red fluorescence of the latter is excited by the wavelengths transmitted by a Woods 
filter and is not destroyed but enhanced in acid solution. Porphyrins are taken up into 
an acetic-ether mixture but neither lithobioviolin nor its fluorescent component showed 
this property. 


Quantitative estimations were made of the more important constituents of 
the pigment. The average total nitrogen-content estimated by the Kjeldahl 
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method, using selenium dioxide as catalyst, was 6-1 per cent. A single estimation 
on the isolated chromophor indicated that its nitrogen-content was at least as 
high as this and therefore the protein must consist largely of amino acids of low 
nitrogen content, such as the aromatic and other mono-amino acids of high 
molecular weight, or it must be conjugated with non-nitrogenous material, or both. 
From 4 to 7-5 per cent of free phenolic material was indicated by the Folin— 
Ciocalteu quantitative method and this might be nitrogen-free. However, it is 
probably mainly in the chromophor itself and this is true of the pentose material 
which was estimated at 3-5 per cent of the pigment by the Bial orcein method 
(Massart and Hoste, 1947). Hydrolysis of the pigment with 6N HCl for 2 hr 
released bound phenolic material approximately equal in amount to the free 
phenols, which sets an upper limit to the amount of phenolic amino acids. ‘This 
low value is consistent also with the observed strength of the qualitative xantho- 
proteic and Millon reactions and with the absence of a peak in light-absorption 
at 278 my» in the ultra-violet. 

Reduction of ammoniacal silver nitrate indicates ortho- or para-hydroxy- or 
amino-disubstituted phenols and the absence of a colour-reaction with ferric 
chloride might indicate specifically para-compounds (Dennell, 1958), but there 
was a slow and doubtful reaction with the Folin—Ciocalteu reagent in acid medium 
and no chromaffin reaction, which Lison considers the most diagnostic for ortho- 
and para-diphenols. ‘There are a number of phenolic substances which absorb 
strongly around 257 mp in the ultra-violet (see Scott, 1955; Pestemer and 
Briick, 1955). 


Alternatively absorption in this region would be consistent with the presence of nucleo- 
protein (Beaven et al. 1955, p. 530), which might also be the source of the pentose and 
phosphate detected. The amount of phosphorus estimated by the method of Cowgill 
and Pardee (1957) was 0:26 per cent. This is less than earlier estimations indicated 
(Needham, 1958), but relatively small amounts of nucleic acid give a distinct peak in light 
absorption in this region. However the pentose content was twice that to be expected 
from the phosphate content. Moreover it was not increased by the bromine treatment of 
Massart and Hoste (1947) designed to release the pentose bound in pyrimidine nucleotides. 
In the absence also of direct evidence of either purine or pyrimidine bases, after mild or 
strong hydrolysis-procedures, it must be concluded that both phosphate and pentose 
have some other significance. In the light of further properties of the pigment (p. 88) it 
may be significant that polysaccharide is a main constituent of the chromophor group of 
animal laccase (Keilin and Mann, 1938). 


The pentose nature of the orcein-reacting material must be accepted with 
some reserve since ‘l‘auber’s benzidine reaction was considerably weaker, and 
neither Benedict’s nor Nylander’s reagents were reduced, nor were osazone 
crystals formed. Bial’s modification of the orcein method prevents a positive 
reaction with menthol, creosotal and some other non-pentose reagents, but 
hexuronic acid and other carbohydrate-derivatives react positively. Moreover, 
some of these do not give a positive Molisch reaction. 

Lithobioviolin gave a better Molisch reaction in fact by adding carbohydrate 
than by adding an appropriate phenolic substance which is the second requisite 
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for the reaction. Presumably the phenolic material of the pigment itself is an 
appropriate reagent. Unfortunately this does not permit its identification since 
the reaction is non-specific to a number of phenolic substances. However, the 
colour of the ring formed at the interface between the test solution and concen- 
trated sulphuric acid appears to show some specificity and the intrinsic aromatic 
reagent gave a rose-red ring compared with violet for «-naphthol, maroon for 
thymol, green for p-cresol and brown for hydroquinone and protocatechuic acid. 

Another feature of the Molisch reaction, when sucrose was used as additional carbo- 
hydrate, was the spreading of the rose-red colour throughout the epiphase followed by an 
intense browning probably due to a great acceleration of the normal charring of the sucrose 
by the concentrated sulphuric acid. The isolated chromophor also gave this reaction and 
again (p. 80) a browning of the pigment itself may have augmented the response, since the 
rose colour resembled that sometimes seen during browning of the pigment. The pigment 
was found capable of browning carbohydrates, e.g. fructose and glycerol on heating, even 
in the absence of sulphuric acid, but the chromophor alone did not give this reaction. 

There was also a violet colour slowly developing in the epiphase (after the usual colour- 
reaction with acids) when the pigment solution alone or the chromophor was ring-tested 
against concentrated sulphuric acid. A similar but less brilliant colour was obtained by 
simply mixing pigment-solution with half its volume of concentrated sulphuric acid. Both 
this and the carbohydrate-browning reactions were shown also by copper-proteins (p. 89). 
The spectral absorption in the visible range of the colour in 30 per cent sulphuric acid 
increased monotonously with the reciprocal of wave-length, and therefore differs from the 
halochromy of ommochromes (Needham and Brunet, 1957). It possibly compares with 
the violet colour reaction given by haemerythrin (see Fox, 1953). 

The number of resemblances noted between the pigment and the haemo- 
cyanins (Redfield, 1934) and also other copper-proteins (McElroy and Glass, 
1950) prompted the specific tests for copper. Diethyl-dithiocarbamide (d.d.c.) 
and 2.2’-diquinolyl (2.2’-biquinoline) both give colour-reactions with copper of 
great sensitivity. hat with diquinolyl is absolutely specific and that with d.d.c. 
is specific following treatment with NH,OH or with pyrophosphate. The reac- 
tions developed slowly, particularly with the isolated chromophor, in contrast to 
that with inorganic copper salts; this shows that the metal is in stable organic 
combination, and in fact ashing techniques were necessary to release it all. The 
golden colour which developed by reaction with d.d.c. appeared to replace directly 
the violet colour of the pigment, implying that the copper is responsible for that 
colour, as in copper-proteins. Diquinolyl gives a colour-reaction only with the 
cuprous ion (Hoste, 1950) and no reaction was obtained with oxidized litho- 
bioviolin, but on adding a reducing agent the pink colour began to develop 
immediately. ‘lhe diquinolyl was dissolved in zsoamyl alcohol which was then 
run onto the pigment solution in a test-tube and the mixture stirred vigorously. 
Cuprous ion partitioned completely into the epiphase where its colour is intensified. 
The colour with d.d.c. similarly is intensified, and completely partitioned, in 
isoamyl alcohol. In a mixture of the two reagents the cuprous ion reacted with 
d.d.c. only. 

The chelating agent, versene (ethylene diamine tetracetic acid), decolorized lithobio- 
violin slowly in contrast to its rapid action on inorganic copper salts. Addition of diquinolyl 
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solution in isoamyl alcohol, followed later by a reducing agent, showed that the chelated 
copper was in the cupric condition, and in fact retained a slight blue colour but was readily 
reduced to cuprous and then reacted with diquinolyl. On standing the pink colour gradually 
faded and could be restored by adding more reducing agent. The versene therefore would 
appear to cause reoxidation of the copper, for the complex with diquinolyl did not oxidize 
spontaneously, even on long standing. 

In addition to the copper bound to the chromophor there was some, more easily demon- 
strable, which dialysed out from both acid and alkaline species of the pigment. It was 
possible to remove this from alkaline medium by means of d.d.c. and isoamyl alcohol and 
then to demonstrate chromophor-bound copper by ashing. The copper of haemocyanin 
is more easily removed, e.g. by acidification (Redfield, 1934, p. 178; Kubowitz, 1938), and 
heat-denaturation also was found to release a great deal. Lithobioviolin was also less easily 
decolorized by KCN than haemocyanin. CO failed to decolorize significantly after pro- 
longed exposure. The chromophor as a whole, however, is less easily removed in the 
haemocyanins (Redfield, 1934). 


Lithobioviolin was found to resemble the copper proteins in further respects. 
The colour was closely duplicated by synthetic copper proteins, e.g. copper- 
casein in alkaline medium. This biuret colour-reaction of casein was given only 
in alkaline medium, whereas the Lithobius violet colour persists to pH 4:8, but 
compounds are known which will give a biuret colour at relatively low pH values 
(Rising and Yang, 1933). Urea-biuret also was similar in colour to lithobioviolin 
but purine and nucleic acid biurets were redder and less intense. Casein-biuret 
showed maximal light absorption at 550 mp and a trough at 435 my, but near 
neutrality the peak may be at 575 mp (Schulman and Wald, 1951)—in virtually 
the same position as that of lithobioviolin and of many haemocyanins. ‘The 
colour in fact changed from pink at high alkalinity through violet to royal blue 
around pH 7-0 and to blue-green at pH 6-0, thus passing through the range of 
colours observed among natural chilopod pigments (p. 90) and haemocyanins. 


Like lithobioviolin, casein-biuret was not decolorized merely by bubbling nitrogen 
through the solution, but dithionite reduced it to a lemon-yellow colour and this reoxidized 
spontaneously at much the same rate as lithobioviolin. Like the latter it also resisted pro- 
longed boiling, and after boiling with trichloracetic acid the filtrate turned violet once 
more on neutralization. The ring test with sulphuric acid alone (p. 88) gave the same 
violet colour in the epiphase. At present this seems a very critical test for it was not given 
by simple inorganic copper compounds. Other properties, the browning of glycerol on 
heating and the decomposition of H,O, in alkaline medium, are non-specific to any particular 
compound of the copper ion. It is probably this non-specific action on hydrogen peroxide 
which is shown by the acid-precipitated and redissolved lithobioviolin, in alkaline medium 
and by haemocyanin at its more alkaline pH optimum (Ghiretti, 1956). 

Casein-biuret showed only one tenth of the extinction of light at 575 my of a solution 
of lithobioviolin containing the same amount of copper. It was less sensitive to alkali but 
more sensitive to decolorization by KCN and to removal of the copper by d.d.c., diquinolyl 
and versene. Hydrogen peroxide turned it yellow or brown as it does solutions of simple 
copper salts. The isoelectric precipitate was colourless and similarly the solution on the 
acid side. In this and in forming a green rather than brown discoloration at the upper 
edge of filter paper strips it resembled haemocyanin rather than lithobioviolin. The chromo- 
phor of the latter when associated with egg albumen (p. 76) did give a green colour, however. 
Copper-casein was reduced by cysteine on shaking and reoxidized on standing whereas 
lithobioviolin conversely was reduced on standing with cysteine and reoxidized on shaking 
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(p. 80). In an electrical field in borate buffer at pH 8-7 it moved towards the anode. The 
pigment was located only towards the front of the wide protein band, indicating that the 
copper is bonded to a particular fraction which however does not separate completely 
from the remainder. Copper-casein showed no ultra-violet fluorescence. 


‘The protein-biuret formed by adding copper sulphate to an alkaline extract 
of the flesh of Lithobius itself after extracting all the violet pigment gave a slightly 
yellow solution on the acid side of the isoelectric point, a brown discoloration at 
the edge of filter paper and a slight green fluorescence in ultra-violet light, which 
was absent from casein-biuret. On standing, it formed flint-like crystals (Fig. 7) 
rather similar to those of the native pigment. In most respects however it resembled 
the non-specific copper-proteins, and retained the violet colour in much higher 
concentrations of NaOH than the native pigment. 

Both d.d.c. (Cartwright et al., 1945; Bodine and Fitzgerald, 1948; Comar, 
1950) and diquinolyl (Hoste, 1950) provide good methods for the quantitative 
estimation of copper. Ashing, after digestion with analar HCl which itself con- 
tained very little copper, was found the most satisfactory for a rapid and good 
recovery of copper for either reagent. ‘The copper content of the complex with 
d.d.c. in zsoamyl alcohol was measured by its extinction of light of 440 my wave- 
length, using a solution of CuSO, containing 0-025 mg copper as a standard. 
‘The extinction by a reagents-blank was subtracted from that of the test-solution. 
Glass-distilled water was used throughout. 

In using diquinolyl, 5 ml of a 0-025 per cent solution in isoamyl alcohol was 
run onto the test solution, after its pH had been adjusted to approximate neutrality. 
Sodium dithionite (5 mg) was added and the mixture stirred to accelerate partition 
of the cuprous complex into the epiphase. Standard and reagents-blank, as in the 
d.d.c. method, were treated in the same way. 

The d.d.c. method gave an average of 0-122 per cent for the copper content of 
the pigment and the diquinolyl method a value of 0-097 per cent. ‘These values 
are comparable to that for the haemocyanin of the Australian crayfish (Rawlinson, 
1940) and for the copper-protein from yeast (Dawson and Malette, 1945) but little 
more than a half of those for most haemocyanins and other copper-proteins 
(Redfield, 1934; Dawson and Malette, 1945). ‘The copper content of the chromo- 


phor also is unlikely to be as high as that of the chromophor-like fraction isolated 
from some haemocyanins (Redfield, 1934). 


7. Other Chilopoda 


The pigment was not detectable in species of Geophilus, but another geophilomorph, 
Scolioplanes acuminatus Leach, was found to have a mauve-pink pigment distributed 
mainly in a band on either side of the heart, but also above the heart, at the base of the 
legs and round the nerve cord. This corresponds essentially with the extended distribution 
of the chilopod fat-body (Attems, 1930, p. 300). The relatively large amount of pigment 
extracted from homogenates again gave colour to the view that im situ some is not evident 
because it is in the reduced state. The exoskeleton is amber-coloured but thin enough 
for the tissue-pigment to affect the gross colour which varied from orange to wine-red, 
possibly depending on the degree of oxidation of the pigment. 
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Fic. 7. Crystals formed in a solution of the compound between copper and alkali- 
soluble protein from the flesh of Lithobius after extracting all the native violet pigment 
for comparison with crystals of the latter (Fig. 3). (x 500.) 
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Young specimens of the related and ecologically very interesting sea-shore species, 
Scolioplanes maritimus Leach, confirmed essential findings on S. acuminatus and also 
showed that, as in Lithobius, the pigment first appears soon after hatching in a few cells 
dorso-laterally. The colour deepened in newly dead individuals, but again (p. 81) it is 
possible that this was due merely to dispersion into solution of already oxidized pigment, 
since dithionite decolorized these carcasses readily. Lewis (1958) found pigment in the 
mid-gut region in young animals. 

Pigment was extracted from homogenates of S. acuminatus as for Lithobius. To econo- 
mize limited material it was separated only by running on filter paper. The material 
concentrating at the edge was at first orange and later mauve-pink. Both colours were 
detectable in the redissolved pigment. This solution was also slightly turbid and the 
absorption spectrum in the visible range was almost featureless (Fig. 8 A). On acidification 


Extinction, log 
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Fic. 8. Absorption spectra in the visible range of neutral aqueous solutions of the 
oxidized forms of (A) the crude pigment of Scolioplanes acuminatus, (B) a more purified 
preparation of this, and (C) the pigment of Scolopendra sp. The extinction scale on the 
right is for (B) only. 


to pH 5-0 a yellowish precipitate was formed and filtered off. This redissolved with difficulty 
in alkali, forming a turbid yellow solution which eventually bleached. The filtrate at pH 
5-0 was pink and on further acidification turned yellow without precipitation. On readjust- 
ment of the pH to the alkaline side the mauve-pink colour was restored, again without any 
isoelectric precipitation, or even turbidity. The chromophor would appear to be more 
independent of protein than in Lithobius. It gave a better defined absorption-spectrum 
than the crude pigment (Fig. 8 B) with a peak at 560 my and a trough at 500 my, i.e. nearer 
to each other than those of Lithobius. The reduced form of this pigment was virtually 
colourless. In acid solution the reduced form was a paler yellow than the oxidized. 

In the unfiltered light of a mercury-vapour lamp the oxidized pigment had a moderate 
crimson fluorescence which was abolished by reduction with dithionite as in Lithobius. 
Similarly in the range of light transmitted by a Woods filter there was a weak green fluores- 
cence. 

In a specimen of Scolopendra sp. a Prussian blue pigment was visible through the exo- 
skeleton which is a pale yellow in this animal. It was located mainly under the terga, near 
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their anterior and posterior edges, and in the tips of the legs. A more widespread distribu- 
tion was evident after death and exposure of the dead tissues to air caused an immediate 
and considerable increase in blue pigment. Extraction again yielded much more pigment 
than anticipated from the visible colour in life. As in Lithobius, the subcutaneous pigment- 
cells formed a reticulate pattern. 

The pigment initially extracted from the tissues was blue-green. It reduced to a deeper 
yellow than that of Lithobius but was contaminated by a second, yellow pigment, possibly 
corresponding to the contaminating pigment in Scolioplanes and lacking a redox colour- 
change. It probably came from the abundant brown fat-body tissue of the animal. The 
tissue immediately below the terga was relatively free of the contaminant and so gave the 
best pigment-preparation. Its acid-precipitate was very pale blue and the re-solution in 
dilute alkali was blue, with a slight greenness. Some of the pigment passed through the 
PH indicator-point both ways without precipitation, as in the other two genera. The acid 
solution was lemon yellow, i.e. again nearer the blue end of the spectrum than in Lithobius. 

In the visible range (Fig. 8 C) the absorption-spectrum of the oxidized pigment on the 
alkaline side of its indicator-point showed a peak at 600 my and a trough at 520 mp, both 
therefore about 30 my higher than for lithobioviolin. A weak green fluorescence was seen 
in the range of light transmitted by the Woods filter as in the other genera, and a weak 
but saturated crimson fluorescence in the unfiltered mercury-vapour beam. 


DISCUSSION 


Interest in this pigment centres on the problems of its distribution, its nature 
and chemical relationships, and its physiological function. Its distribution is 
largely unexplored but, in addition to the genera examined here, tropical 
Scolopendromorphs and Scutigera possess a similar pigment (Pryor, in corre- 
spondence), and no doubt it is widespread but not universal among opisthogoneate 
myriapods. A possible homologue or analogue in insects is discussed below 
(p. 96). From the variation in colour of the few chilopod examples studied, it is 
clear that a class of pigments rather than a unique compound has been developed 
in the Opisthogoneata. However, their general properties are very uniform. The 
variation in the wavelength of maximal light-absorption is no greater than that 
among the haemocyanins (Redfield, 1934) though the visible colour is probably 
more variable. Protein-biuret compounds show a similar range of colours upon 
merely changing the pH, and the variations in colour may have no major 
significance. 

The properties of lithobioviolin seem compatible with the view that it is in 
fact a natural biuret compound. The copper presumably is bonded to the type 
of amino compound (Rising and Yang, 1933) which retains the biuret colour in 
mildly acid media. Such a special property most conveniently might be provided 
by means of a discrete chromophor group of low molecular weight. ‘The haemo- 
cyanins and the copper proteins in general also retain their colour in mildly acid 
media and from their many resemblances to lithobioviolin also might be natural 
biuret compounds. Some of the evidence, in particular that of Roche and 
Dubouloz (1933), indicates that they also have a discrete chromophor group, 
though this is more firmly bonded to protein than in lithobioviolin and therefore 
has been less amenable to separate study. The isolated chromophor group 
of lithobioviolin has many of the properties of the copper proteins and it is 
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interesting that others, for instance the catalase and peroxidase activities due to 
the associated protein, are shown also by the more permanently bonded protein of 
the copper proteins (cf. Ghiretti, 1956). The copper proteins in general manifest 
oxidation—reduction properties as a variable complex of phenolase, peroxidase and 
catalase activities, sometimes with the additional activity of oxygen- transport 
(Dawson and Malette, 1945; Malette, 1950) and their main function is one of 
these. Most of them change from blue to yellow when reduced, the copper 
changing from cupric to cuprous, but hepatocuprein and tyrosinase are colourless 
and the latter is permanently in the cuprous condition (Kertesz, 1957). They 
differ in details, therefore, but share much in common. Other common properties 
are the degradation under appropriate conditions to brown pigments and the 
ability to cause browning of other materials (Thompson, 1950). 


Haemocyanin is the best characterized of the copper proteins and _ lithobioviolin 
resembles it in the following properties: position of the isoelectric point; precipitation by 
papain; absorption-spectrum in the visible range; catalase activity, not inhibited by excess 
H,O,; green-brown colour reaction with strong alkali; presence of abundant phenolic 
material and probably of arginine in their protein; absence of significant amounts of trypto- 
phane, pyrroles and cysteine (at least in most haemocyanins). Some haemocyanins have 
an E,’ value as low as that of lithobioviolin and remain “‘loaded’”’ down to very low oxygen- 
tensions. 

Lithobioviolin is more stable than haemocyanin possibly because it has a discrete 
easily detached chromophor. It contains less nitrogen and has a peak in light-absorption 
at 257 my in the u.v. and not at 278 mu. In haemocyanin by contrast the 278 my peak is 
prominent and none is evident at a shorter wavelength until protein has been removed 
(Roche and Dubouloz, 1933). This is not removed by simple forces such as ultracentrifu- 
gation and electrophoresis. In addition, the copper of haemocyanin possibly remains 
always in the cuprous condition. This and other differences may be related to their different 
sites and roles in the body. In some respects at least lithobioviolin might be expected to 
resemble more closely the intracellular copper proteins. Some, for instance the blue copper 
protein of yeast, similarly occur in intracellular granules (Dawson and Malette, 1954). 
Laccase, which occurs intracellularly in animals, has a nitrogen- and a protein-content as 
low as that associated with lithobioviolin (Keilin and Mann, 1938). Moreover the non- 
protein component of laccase is an easily detached polysaccharide: that of lithobioviolin 
may be partly polysaccharide, i.e. polymerized pentose. The copper content of all three of 
these intracellular copper-proteins is lower than that of the haemocyanins. Laccase 
resembles the chilopod pigment also in retaining its colour when freed of its protein 
(Keilin and Mann, 1938). 


In biurets, as in other well-known organic copper complexes, the copper is 
chelated to four nitrogen atoms of four molecules of identical or quasi-identical 
nature, forming a relatively symmetrical structure (Rising and Yang, 1933) which 
is a simple structural analogue of the porphyrins, essential agents in so many 
oxidation-reduction processes. Conceivably this may act as a functional analogue 
also since synthetic casein-biuret reversibly oxidizes and reduces (p. 89). 

With regard to the pentose component of lithobioviolin it may be significant 
that glucoproteins (Haurowitz, 1950, p. 198) are very resistant to heat but tend 
to dissociate and become less viscous in alkaline medium, have an isoelectric 
point around 4-8 and are difficult to crystallize. The polysaccharide is bonded 
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mainly to tyrosine and arginine. ‘The total nitrogen content is low (5-3-5-7 per 
cent). ‘These properties are all consistent with those of lithobioviolin. Such 
glycoproteins may contribute to the formation of the arthropod exoskeleton. 

A number of other animal pigments having a reversible redox colour change 
between blue or purple and yellow or colourless have been described. This does 
not necessarily imply any close relationship to the copper proteins, since a redox 
colour-change in this general range is very common. A large number of quinones, 
particularly among the naphtho-quinones (Thompson, 1957), show such a change. 
Quinones with a redox colour-change, at least 7 vitro, are known in animals 
(e.g. echinochrome) and are very common in plants. 


In fact however most of the known animal pigments with this particular redox colour 
change resemble lithobioviolin also in other respects. The most striking example is a 
pigment from Chromodoris and other nudibranchs (Crozier, 1922; Preisler, 1930). It has 
not only the redox colour-change but also a very similar pH colour-change to an orange- 
red acid form. The change occurs at pH 5-6 (Crozier, 1922) but the pK of the pigment 
may be as low as pH 4:3 (Preisler, 1930). It is relatively stable and resistant to change by 
cyanide or nitrite. Further it is possible to precipitate an associated protein and leave 
pigment in solution. It is similarly soluble in water and in dilute alcohol, insoluble in 
absolute lipoid solvents. It occurs intracellularly, in vacuoles and free in the blood. The 
major differences are a rather lower stability towards alkalis and towards heating, maximal 
light-absorption at a rather longer wave-length (595 my) and a lower E,’ value (— 102 mV). 
Crozier found manganese to be a significant constituent, so that it may be a manganese 
analogue of the copper proteins, though the presence of copper itself has not been ruled 
out. It may be significant that initially manganese was believed to be the essential metal in 
laccase. 

Also rather similar is a pigment of the blood-corpuscles of the pycnogonid, Anoplo- 
dactylus lentus (Dawson, 1934). This ranges from pink to blue via lavender, in any 
individual, recalling the variations among chilopod pigments and among protein-biurets. 
Allowing for the fact that it was observed only in situ, where there may be the complication 
of other colours and of optical effects, the redox colour-change may be similar. The pigment 
is not affected by alkali, at least up to pH 9-0. Cyanide decolorizes it via a slate-grey 
stage. 

It differs from lithobioviolin in being dissolved in the cytoplasm, though under certain 
conditions it segregates as droplets in the cell, and in being insensitive to acid, at least 
down to pH 3:0. However, it is possible that the cell remains impermeable to acid so 
long as it remains intact. Jn situ lithobioviolin is relatively inert (p. 82). 

Christomanos (1953) has described a purple protein-complex from the sea anemone 
Adamsia, having a similar redox colour-change and similar solubility-properties. Its 
colour is stable in alkali up to pH 12-9, beyond which it turns yellow. It differs from the 
Lithobius pigment in details of its absorption-spectrum, in having an intense blue ultra- 
violet fluorescence and a high content of trimethylamine, and in being sensitive to heat. 

The pigment adenochrome found in granules of cells of the branchial heart of the 
octopus has a number of similar properties (see Fox, 1953), in particular the redox colour- 
change, the solubility in water even at its boiling point, in saturated NaCl and (NH,).SO, 
and in trichloracetic acid, the high solubility in dilute alkali and the precipitation as a 
purple to blue floce by dilute acid, by strong alcohol or by acetone. It similarly contains 
no indol, purine or cysteine, but gives a positive pyrrole pine-splint test upon charring. 

It differs in colour (garnet red), though large granules of lithobioviolin approach this 
colour (p. 74), in the absence of phenolic substances and in being precipitated by alkali. 
In view of its situation relative to the circulatory system, the possibility might be envisaged 
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that it is a precursor or a degradation-product of haemocyanin. With advantage, tests for 
the presence of copper might be made on this and on the preceding pigments. The suspicion 
that they may belong to a single class of pigment is worthy of further testing, for other 
pigments with a somewhat similar redox change among carotinoids, indigoids and quinones 
are sharply distinguished by critical properties of solubility etc., and this is true of pigments 
with different redox colour-changes, e.g. the ommochromes. 


The precise function of lithobioviolin presents a challenging problem. Its 
readily reversible oxidation—-reduction in solution encourages the supposition that 
it may act in continuous respiratory mediation im vivo and some evidence has 
been given that 7m vivo it is operating within its transition range, but on the other 
hand, since it is extremely difficult to decrease substantially the visible amount of 
oxidized pigment in the living body by the only reasonably physiological methods 
(p. 81) Pryor was forced to conclude that it could have no normal respiratory 
function. ‘The case might seem rather similar to that of the integumental ommo- 
chromes (Needham and Brunet, 1957) which also can be reversibly oxidized and 
reduced im vitro but show no detected variation im vivo. It is interesting nevertheless 
that parasitization of Asellus by echinorhynchid larvae causes an intense deposition 
of integumental ommochrome in the gill-operculum, where there may be special 
redox conditions. 

Lithobioviolin serves only a minor role in protective coloration (p. 73) and 
the subcutaneous pigment is only a small fraction of the total. Its distribution, 
whether as subcutaneous or as deep pigment, mainly around the finer branches 
of the tracheal system seems to assert a respiratory function. A persisting state 
of full oxidation down to extremely low tensions of oxygen does not preclude the 
possibility of a continuous transfer of oxygen to suitable receptor-systems in 
the body. Its Ey’ value shows that it cannot be expected to reduce completely in 
the presence of more than traces of free oxygen, and that it could, therefore, be 
responsible for the observed ability of the animal to remove virtually all the oxygen 
from the air, without itself being extensively reduced. It has also been seen that 
this state of oxidation is not affected by high concentrations of carbon dioxide 
(p. 80). 

An autoxidizable pigment of this kind could act either as a systemic oxygen 
‘carrier’ between the atmosphere and the tissues, or as a terminal oxidase within 
the cell. Its restricted distribution only in connective-tissue cells mainly investing 
the tracheal system favours the first alternative. Moreover, the resistance of the 
redox property to boiling and other drastic treatments shows that it is not enzymic. 
If, as seems probable, the tracheal system supplies all cells of the body, then 
there is a virtually complete screen of violet pigment between the air and the 
tissues and it could mediate virtually all gaseous exchange. Its enclosure in 
granules is no necessary bar to such continuous activity 7m situ, since mitochondria 
of about the same size-range function actively in respiratory metabolism. ‘The 
epidermal cells might be expected to obtain enough oxygen by diffusion through 
the exoskeleton and this may explain why the subcutaneous component of the 
pigment is distributed only where required for purposes of countershading. For 
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this purpose a completely stable pigment would be an advantage and this com- 
ponent may be less labile than the deeper pigment—which has been less available 
to observation. 

From what is known of tracheal systems, however, it seems unlikely that a 
special agent of this kind would be required except in the emergency of low 
oxygen supply. The £,’ value falls within the range of those haemocyanins which 
function as mediators only under such emergency conditions. At normal oxygen 
tensions it probably remains fully oxidized in its peritracheal site. As a purely 
emergency mechanism the complete screen would still be required. The haemal 
type of emergency mechanism found in the haemocyanins mentioned and in such 
haemoglobins as that of Arenicola would be impracticable in tracheates. 

There are reasons why an emergency mechanism should be necessary in 
Lithobius. It lives in narrow crevices under bark, stones, coal and leaf mould 
and must frequently experience very low oxygen-tensions, partly due to competing 
oxidative processes. Moreover, it appears to have no active ventilation and any aid 
from fortuitous muscular movements must be very seriously curtailed in restricted 
spaces; in any case they themselves would be a serious liability during oxygen- 
shortage. In an atmosphere of nitrogen, individuals were completely quiescent 
for periods of half a minute or so and then made swift, brief attempts at escape. 

It would be necessary to assume, further, that under hypoxic conditions the 
proximate respiratory systems of the tissue-cells, ascorbic acid, sulphydryl com- 
pounds and dehydrogenases are able to tap the oxygen supply in the pigment- 
cells. Pryor (1959) has demonstrated reduction of the pigment by succinic 
dehydrogenase in vitro and it seems likely that this can occur im vivo if the redox 
gradient between them spatially is steep enough. ‘Through its high affinity for 
oxygen the pigment could concentrate oxygen from an otherwise inetfectuated 
tracheal system. ‘The long-lasting paralysis of nearly asphyxiated individuals 
indicates that intracellular systems directly encounter the ancxic stress. 

From some of the evidence however it is possible, as Pryor envisaged, that the 
pigment is actually released from its cell under hypoxic stress and that as a more 
labile mediator in solution (p. 82) it transfers oxygen via the blood to the tissue- 
cells, or actually enters the latter. Muscle cells which have the greatest oxygen 
requirement take up the pigment from solution very readily. Release of the pig- 
ment from its mother-cell is strongly indicated by its appearance in the faeces of 
individuals under anoxia. If a critically low tension of oxygen in the tracheal 
system is the effective trigger for the release of pigment from the mother-cell, this 
could account for the observed distribution of the mother-cells. In further support 
of this alternative mechanism the vascular system of chilopods seems rather better 


developed than in insects—which have a particularly efficient tracheal system. 


Notwithstanding the high efficiency of this system it might be anticipated that some 
insects at least would possess a similar emergency mechanism, and in fact something similar 
has been described in a few cases (Richards, 1951, pp. 93, 265), i.e. violet, red, brown or 
colourless granules in cells of the tracheal system, particularly the end-cells. Moreover a 
respiratory function has been postulated for these and perhaps should be reconsidered. 
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The cells in question are said to be the actual epidermal cells lining the system so that the 
mechanism may be analogous only to that of chilopods, but in view of the uncertain identity 
of the basement membrane (Richards, 1951, p. 222) the possibility of true homology might 
be envisaged. Among chilopods, Geophilus may have a colourless mediator as in some 
insects. 

It is also interesting that in the larva of the dipteran Gastrophilus haemoglobin is found 
in the same situation, in the ‘red organs’ and, according to Pryor, rapidly leaks out when 
the animal dies, as lithobioviolin does. The body fluids of this larva, parasitic in the 
stomach-wall of the horse, have a high CO, content; its respiration is adapted to this and 
is highly peculiar (Levenbook, 1950). Echinochrome, a redox pigment occurring as intra- 
cellular granules in echinoderms, similarly leaks out under anoxia (Fox, 1953, p. 202). 


The amount of pigment in Lithobius, including the reserves in the fat-body 
investment, seems surprisingly large. As Pryor also observed, the amount released 
within the body of an animal killed by asphyxia is enough to colour the whole 
animal brilliantly when re-exposed to oxygen, and storage in granular form under 
normal conditions might be a necessary provision. A possible explanation of the 
large amount is that the pigment functions also, if not primarily, in the oxidative 
process (pp. 78, 80) of hardening and darkening in the exoskeleton, the brilliant 
coloration immediately after moulting (p. 73) being due to mass-dissolution of 
stored pigment. The parallel development of pigment and of exoskeleton- 
darkening during ontogenesis also supports this view, and more direct evidence 
is the high content of phenolic, possibly para- di-substituted material in the 
pigment, its ready conversion to a brown product and its ability to catalyse the 
oxidative browning of extraneous p-dihydroxyphenol derivatives. In this con- 
nexion it is interesting that Dennell (1958) is led to postulate para-, rather than 
ortho-dihydroxyphenol precursors of the tanning quinones of the insect exoskeleton. 


The browning property of lithobioviolin seems to imply a self-tanning system and 
Blower (1950, 1951) has postulated such a self-tanning material containing protein and 
much phenolic matter in the formation of the exoskeleton of Lithobius. Self-tanning is 
described also for certain other invertebrate materials and contrasts with the composite 
system characteristic of insects. This might explain why a similarly distributed pigment is 
not usually found in insects. The material is insoluble once deposited in the exoskeleton, 
and this is true of the browned Lithobius pigment. The isoelectric point of protein from the 
thickened exoskeletal plates is pH 5-5, fairly near that of the protein associated with the 
violet pigment, in contrast to the pH 2-9 of the unhardened intersegmental exoskeleton 
(Blower, 1950, 1951). 

It may be noted that in general the regions with dense subcutaneous pigment are also 
those with the thickest and darkest exoskeleton, but the large reserves deeper in the body 
and a systemic mobilization after moulting would seem to preclude any major significance 
in purely local deposits. The absence of pigment round the large tracheal trunks, which 
have the thickest exoskeletal lining, has the same implication. Blower believes the material 
to originate from epidermal gland cells, but these might take up the chromophor from 
the blood. Pigment in transit to the exoskeleton has not been described, but mobilization 
may be restricted to a very short interval immediately following ecdysis. However, if 
transport were systemic then a single store of pigment should be an adequate, and probably 
the best, arrangement. The high concentration in the fat-body may be a step in this 
direction, but the large amount also dispersed would still present a problem. The processes 
of hardening occur in situ, in the exoskeleton, and there is no evident significance, for 
these processes, in an aggregation of the precursor near the tracheal oxygen-supply. 
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Another difficulty in accepting the idea of a function in skeleton-formation is the absence 
of the pigment in Geophilus, though conceivably the precursor here is colourless for the 
exoskeleton itself is very pale; in each of the other three genera examined the colour of 
both exoskeleton and pigment is distinctive. 

In Lithobius there is some indication that the pigment is involved in the 
formation of the dark escher-material over a wound (p. 74). 
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SUMMARY 
This violet pigment is contained in 1 » granules or vesicles filling stellate cells 
which accompany the tracheal supply to most or all organs. Those cells which 
permeate the fat-body are more compact, with larger, redder granules. Sub- 


cutaneously the pigment helps in countershading. 

It is very soluble in aqueous media and insoluble in absolute organic solvents. 
As extracted it is loosely, but probably specifically, associated with protein, with 
which it is precipitated at pH 4-8 and with which it re-dissolves on the acid side, 
giving an apricot-pink solution. On the alkaline, but not on the acid, side, the 
chromophor is separated from the protein by electrophoresis and by dialysis 
through collodion but not through Visking membranes. Chromophor and protein 
are precipitated together on the alkaline side of pH 4-8 by 80 per cent ethanol and by 
papain. Both withstand prolonged boiling and still co-precipitate at pH 4-8. 

‘The pigment is relatively stable to most mild reagents and treatments, but 
slowly turns brown in the presence of a constituent of tissue-homogenates. It is 
reversibly reduced to a lemon-yellow colour and gives the sigmoid curve of E,,/°%% 
reduction characteristic of redox agents. The FE,’ of fresh pigment is +270 mV 
and two electrons are involved in the redox change. ‘The oxidized form, at 
pH 7-0, has peaks in light-absorption at 575 and 257 mp, troughs at 492 and 
245 my and minor peaks around 400 and 350 mu. The peak at 575 my in the 
visible range disappears upon chemical reduction. In the near ultra-violet it has 
an unsaturated green-blue fluorescence and in the unfiltered beam of a mercury- 
vapour lamp a saturated crimson fluorescence. 

‘The chromophor contains copper, nitrogen, phosphorus phenols and pentoses, 
but no significant amounts of purines, pyrimidines, pyrroles, porphyrins, indols 
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or lipids. ‘Together with the protein it contains 6 per cent nitrogen, 8-15 per cent 
phenols, 3—5 per cent pentose, 0-26 per cent phosphorus and 0-12 per cent copper. 
It resembles the copper proteins and other biuret compounds. A number of 
other animal pigments resemble it fairly closely. 

It oxidizes spontaneously in air and reduces only at extremely low oxygen 
tensions, but it may act as an oxygen-mediator to tissue systems of lower redox 
potential, under hypoxic conditions. ‘There is some evidence for an alternative 
role in the oxidative darkening of the exoskeleton. 
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STUDIES ON THE BLOOD GLUCOSE AND PANCREATIC 
ISLETS OF ‘THE SALAMANDER, TARICHA TOROSA**} 


DORIS H. WURSTER and M. R. MILLER§ 
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Abstract—1. The normal blood sugar level and pancreatic histology, as well as 
experimental alterations of both, were studied in the salamander, Taricha torosa. 

2. The over-all average, normal blood glucose value was found to be 24 mg per 
cent with an average of 28 mg per cent during the breeding season and 16 mg per cent 
during estivation. 

3. The normal pancreatic islet contains but one type of active endocrine cell, the 
beta cell. A second type of cell, ‘‘clear’’ cell, exists and is thought to be non-secretory. 

4. Glucose, adrenalin and hydrocortisone all produce hyperglycaemia with sub- 
sequent beta cell degranulation. 

5. Starvation, alloxan, glucagon, Synthalin A and cortisone had no effect on the 
blood sugar level and produced no specific alterations of the islet cells; one exception 
to the latter was starvation which caused an eventual atrophy of islet tissue. 

6. Insulin resulted in hypoglycaemia even after doses as small as 10 U/kg. Larger 
doses produced delayed extensor type convulsions, while doses of 1000 U/kg or 
greater caused both immediate clonic and delayed extensor type convulsions. The 
only response of the pancreas to insulin was a moderate decrease in beta cell volume. 

7. Hypophysectomvy resulted in a general decline in the blood sugar level and an 
eventual atrophy of the pancreatic islets. Pancreatectomy produced a severe hyper- 
glycaemia in the presence or absence of the pituitary gland. Gradual atrophy of the 
interrenal tissue caused by hypophysectomy was accompanied by a gradual decline in 
the hyperglycaemic effect of pancreatectomy. 


INTRODUCTION 


IN contrast to the great volume of published work concerning blood glucose values 
and pancreatic morphology in mammals, there is relatively little pertaining to 
lower vertebrates, especially the urodele amphibians. ‘The present study is 
concerned with blood glucose values and islet morphology under normal and 
experimental conditions in the western newt, Taricha torosa. ‘The stimulus for 
such a study came from preliminary observations which indicated a striking 
contrast between lizards and salamanders in islet morphology and physiology 
(Miller & Wurster, 1956). 


* This study was supported in part by the Gertrude Payne Fellowship of the American Associa- 
tion of University Women, and in part by a United States Public Health Service Grant, A1192. 

+ Taken from the Ph.D. dissertation of Doris H. Wurster, Stanford University, 1958. 

t A very brief summary of a part of this work was reported by Miller & Wurster (1959). 

§ Present Address: Department of Anatomy, University of California School of Medicine, 
San Francisco, California. 


7 101 


+ 
ol. 1 = 
160 
ae 
4 
: 
: 
bes 
- 


Doris H. WuRSTER AND M. R. MILLER 


MATERIALS AND METHODS 


Specimens of the salamander, Taricha torosa, freshly captured in Alpine 
Canyon in the vicinity of Palo Alto, California, were used. All animals were fasted 
at least four days before study and were kept at room temperature (approximately 
70°F). Blood samples were obtained from the carotids after decapitation and the 


‘TABLE 1—CHANGES IN THE BLOOD SUGAR AND PANCREATIC ISLETS AFTER VARIOUS TREATMENTS 


Blood glucose Effect on islet cells 
Treatment No. (mg °%) (effect on beta cells 
animals in all cases) 

Range 


Normal, untreated “7 9-58 None 


. Glucose (5 g/kg). Sacrificed ° 31-78 Mild degranulation ? 
1-10 hr after injection 

. Adrenalin (0°5 cm® 1: : 68-112 | Mild degranulation ? 
10,000/20 g animal). Sacri- 
ficed after 90-155 min 


. Glucagon (1 mg/kg daily °5 None 
for 4 days) 


Hydrocortisone (15 mg/kg). . Moderate degranula- 
Injected either every day or tion and beta cell 
every other day for 6 days hypertrophy 


. Cortisone (15 mg/kg). In- 5 None 
jected on days 1 and 3; 
sacrificed day 5 


Alloxan (300 mg/kg). In- 
jected daily for 4 days and 
sacrificed day 5 or injected 
every other day for 4 times 
and sacrificed 1 week after 
last injection 


Synthalin A (6 mg/kg). In- 
jected daily for 5 days; 
sacrificed 3 hr after last 
injection 


. Hypophysectomy. (a) Sac- ‘ Mild atrophy 
rificed 6-27 days after 
operation 
(b) Sacrificed 56 days after Atrophic islets 
operation 


. Pancreatectomy. Sacrificed 
24 hr after operation 
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blood glucose determined by averaging the values of duplicate or triplicate speci- 
mens from each animal. Blood glucose values were determined by the Somogyi 
copper-iodometric method (Somogyi, 1945a, 1945b, 1952). Liver glycogen values 
were determined by the method of Good et al. (1933). Pancreases were excised at 
the time of sacrifice and fixed in Bouin’s or formalin solution. After paraffin 
embedding, 4-6 u sections were cut and stained with a slight modification of 
Gomori’s chromalum haematoxylin and phloxine (1941), Gomori’s aldehyde- 
fuchsin (1950), Heidenhain’s azan and Masson’s trichrome methods, as well as 
Bielschowski—Gros and Bodian’s protargol silver methods. 

The experimental animals were treated with insulin (crystalline zinc, Lilly), 
alloxan, adrenalin, cortisone (Cortone acetate, Merck and Co., Inc.), hydrocortisone 
(Cortril acetate, Chas. Pfizer and Co., Inc.), hydrocortisone and insulin, glucagon* 
(lot No. 258-234B-40) and Synthalin A (decamethylene-diguanidine). Glucose 
tolerance and the effects of starvation were also observed. All chemical reagents 
were administered intraperitoneally as aqueous solutions or suspensions. ‘The 
dosages and results are summarized in Table 1. 

Hypophysectomy was performed on animals anaesthetized by immersion in a 
0-25 per cent solution of MS222 (tricaine methanesulphonate). Retraction of the 
jaw permitted an oral approach. A hole was drilled with a dental burr through 
the roof of the mouth directly ventral to the sella turcica and the pituitary gland 
exposed; the pars distalis and intermedia were aspirated through a glass cannula. 

Pancreatectomy was performed on MS222-anaesthetized animals. An incision 
was made to the left of the mid-ventral line directly over the pancreas. The dorsal 
mesentery containing the pancreas was pulled ventrally, the hepatic, mesenteric 
and splenic vessels were ligated, and the pancreas and adherent portion of the 
duodenum were removed intact. In all animals used the head of the pancreas was 
inseparably adherent to, and often invaded, the wall of the duodenum so that 
resection of this portion of the duodenum was necessary to ensure a complete 
pancreatectomy. Since the pancreas surrounds the common bile duct, this 
structure was ligated as close to the liver as possible and excised. (Caution must 
be exercised to remove all of the pancreatic tissue which spreads in finger-like 
extensions dorsally through the mesentery and toward the spleen.) Finally, the 
individual cut ends of the gut were sutured and the external incision closed. 

Some animals were hypophysectomized and, at times varying from 5 to 83 
days later, pancreatectomized. 


OBSERVATIONS 


Blood glucose levels in experimental animals 


Taricha torosa was found to be relatively sensitive to insulin, becoming hypo- 
glycaemic after a dose as small as 10 U/kg. Although the degree of hypoglycaemia 
was not related to the dosage of insulin, the duration of the hypoglycaemia and the 
time of its appearance were so related. In most cases, with dosages of 10 U/kg or 


* Courtesy of Doctor W. R. Kirtley, Eli Lilly and Co. 
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more, the blood sugar value declined to less than 8 mg per cent. After insulin 
dosages of 10, 100, 1000 and 2000 U/kg, the time required for the appearance of 
hypoglycaemia was approximately 6, 3, 2 and 1 hr, respectively. 

With insulin dosages greater than 50 U/kg, the blood sugar level failed to 
return to normal and the animals eventually expired. Even with the lower dosages 
of 50 U/kg or less, recovery of a normal blood sugar level usually required 2—7 
days. 

The symptoms of insulin shock were related in time of appearance to the 
dosage. With dosages of insulin ranging from 50 to 1000 U/kg, loss of muscular 
co-ordination, spasticity, increased excitability and extensor type convulsions 
appeared 3-4 days after the injection, while dosages of 1000 U/kg or greater 
resulted in both immediate and delayed extensor type convulsions. 

In spite of large doses and chronic treatment neither alloxan nor glucagon 
effected any change from the normal in the blood sugar level, nor did glucagon 
affect the liver glycogen level. Synthalin A, which has hypoglycaemic and toxic 
actions in many animals, produced neither a change in the blood sugar level nor 
signs of toxicity. 

Adrenalin administration evoked in eight animals, within 1-5 hr, an average 
hyperglycaemia of 93 mg per cent. Cortisone caused no rise in blood sugar. 
Hydrocortisone, on the other hand, produced an average rise to 53 mg per cent. 
Administration of hydrocortisone with insulin resulted only in a slight postpone- 
ment of the hypoglycaemia caused by insulin. 

Hypophysectomy of aquatic, breeding animals resulted in an average decrease 
of the blood sugar level to 14 mg per cent. As is true in most animals, with the 
exception of the lizard (Miller & Wurster, 1958) and the duck (Miahle, 1955a), 
total pancreatectomy rendered the salamander very hyperglycaemic within 24 hr 
(Table 1). ‘This was apparently an expression of insulin deficiency in conjunction 
with the action of an unopposed extrapancreatic hyperglycaemic factor. Pancrea- 
tectomy was effective also in raising the blood sugar level in the absence of the 


TaBLE 2—EFFECTS OF HYPOPHYSECTOMY AND SUBSEQUENT PANCREATECTOMY 
ON BLOOD GLUCOSE LEVELS IN Taricha 


Time lapse between 


196 


hypophysectomy and 
pancreatectomy 
(days) 


No. 
animals 


5-6 14 53-8 116-264 
27 9 170 35-3 99-216 
60 + 142 5-7 133-151 
83 1-6 43-81 


Range 


Note: Blood glucose values were determined one or two days 


after pancreatectomy because 
of removal of the common bile duct in our procedure. 
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Fic. 1. 


Low-power view of cords of islet cells in the pancreas of an estivating animal. 
< 250. 
Fic. 2. High-power view of the cells making up an islet of an estivating animal. There is 
but one type of secretory cell, the beta cell. The beta cells during estivation are enlarged 
and the granular content dispersed. » 500. 


Fic. 3. Islet tissue from a normal breeding animal. The beta cells are less voluminous 
than in the non-breeding animal and the beta granules concentrated peripherally. 250. 


Fic. 4. An insulin-treated animal showing granule storage. Note the ‘‘clear’’ cell (c) 
adjacent to the acinar tissue. » 500. 
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Fic. 5. A Synthalin A-treated animal. Although no toxic destruction is evident, the beta 
cells have become much smaller and have lost some of their granular content. There are 
no alpha cells to be affected. 500. 

Fic. 6. A hydrocortisone-treated animal showing stimulation and degranulation of the 
beta cells. 500. 

Fic. 7. A glucose-treated animal showing a moderate degree of beta cell stimulation 
and degranulation. x 200. 


Fic. 8. An atrophic islet from an animal two months after hypophysectomy. x 500. 


All figures are of Bouin-fixed and aldehyde-fuchsin and phloxine-stained pancreases of 
Taricha torosa. 
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hypophysis (‘Table 2). In view of this, it was thought advisable to remove any 
possible hyperglycaemic effect the interrenals might have been exerting. Since the 
interrenal tissue was found to be diffuse and extend far anteriorly along the 
sympathetic chain, cautery was considered the only possible effective method of 
adrenalectomy. Although Clark et al. (1944) successfully extirpated the adrenals 
of Bufo marinus, and Houssay & Biasotti (1936) found cauterization to be effective, 
cautery in the salamander was toxic and unsuccessful. Fustinoni (1938) also used 
cautery to adrenalectomize toads and found a poor survival rate. It is known that 
hypophysectomy in Taricha torosa causes a decline and gradual atrophy of the 
interrenal tissue (Miller, 1953). ‘Thus, a series of animals was hypophysectomized, 
and at times varying from 4 to 83 days later, groups of these animals were pan- 
createctomized. Coincident with the gradual atrophy of the interrenal tissue there 
was a decline of the hyperglycaemic effect of pancreatectomy in the hypophysecto- 
mized animal (‘Table 2). 


Histology of the normal islet 


The pancreatic islets of Taricha torosa are few and difficult to stain satisfactorily. 
Chromalum haematoxylin, an excellent stain when used on lizard pancreatic 
tissue, gave disappointing results in this species. Gomori’s aldehyde-fuchsin 
method, variously modified with phloxine and haematoxylin, was found to be 
most effective. Normally the islets in Taricha are associated with the extensive 
vascular bed and are often found to be closely related to the exocrine ductile 
system (Figs. 1-3). The islets are composed mainly of beta cells aligned in cords; 
a second cell, containing cytoplasm which is completely clear in appearance, is 
less abundant and occurs mostly at the periphery of the islet (Fig. 4). ‘These cells 
contain no granules, and, in fact, contain very little cytoplasm at all. These “‘clear” 
cells may be identical to the duct cells of the exocrine system and destined to 
differentiate into islet beta cells. Clear cells, identical in appearance, line the 
exocrine ducts and are found along the exocrine ductules with which islets are 
often associated. The beta cells are round with large nuclei and contain coarse 
granules which stain purple with aldehyde-fuchsin. None of the staining methods 
tried, including the various silver methods, revealed alpha cells or any type of cell 
other than the two mentioned above. Of these two it is probable that the beta cell 
is the only endocrine component of the islet and that the ‘‘clear’’ cell is an un- 
differentiated or non-secretory cell. 


Islet histology of experimental animals 

The hyperglycaemic agents administered, i.e. glucose (Fig. 7), adrenalin and 
hydrocortisone (Fig. 6), all caused degranulation of the beta cells. 

Starvation, while it caused no fall in the blood sugar level, produced an atrophy 
of the islets. Other agents which were ineffective in changing the blood sugar, 
i.e. alloxan, glucagon, Synthalin A and cortisone, caused no islet stimulation or 
destruction (Fig. 5). In spite of the large and chronic dose of the usually toxic 
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agent, Synthalin A, no signs of toxicity were noted in the islets, or in any of the 
tissues examined at autopsy. 

Insulin effected a moderate decrease in beta cell volume and granule storage 
(Fig. 4). 

Hypophysectomy resulted in degranulation of the beta cells within the first 
few days after the operation. ‘The cytoplasmic volume decreased and the islets 
appeared compressed. By the end of a month the cells were quite compressed and 
the granules in the shrunken beta cells formed only a rim around the periphery. 
By 60 days after the operation, the islets were atrophic (Fig. 8). The atrophy 
produced by hypophysectomy was more severe than that seen as a result of starva- 
tion for an equal length of time. 


DISCUSSION 

There has been a little work done on the blood sugar levels in amphibia; the 
information obtainable, however, deals exclusively with the anura. Histological 
studies are somewhat more abundant, but this literature, too, concerns mostly the 
anura. ‘he normal blood sugar level in frogs and toads given by most authors are 
generally lower than one finds in most other vertebrate animals; normal values 
are usually less than 50 mg per cent and most frequently range from 15-60 mg 
per cent (Wright, 1959; Smith, 1950). 

The rise in blood sugar that is found in the frog at the time of spawning 
(Smith, 1950) is found also in the salamander. It correlates well with the com- 
mencement of sexual activity and the increase in activity in the thyroid gland of 
the frog (Smith, 1954), and in the thyroid and interrenal glands of the salamander 
(Miller & Robbins, 1955) at this time. 

Studies on the islet histology of amphibians indicate that anurans may possess 
both alpha and beta types of cells (Hirata, 1934; De Robertis & Primavesi, 1939; 
Wright, 1959), while urodeles have only a beta cell and lack an alpha cell element 
(Fischer, 1912; Kolossow, 1927). Our studies on Taricha corroborate the findings 
of Fischer and Kolossow on Triton. It must be pointed out, however, that so few 
comparative studies have been reported that it is difficult to make general 
statements. 

The effect of glucose administration in most animals is a rise in blood sugar 
with the extent of the increase varying according to species. Wright (1959), 
however, reports a zero blood sugar after giving glucose to bullfrogs. A beta cell 
degranulation was observed in Taricha, as it was in Triton by Kolossow (1927), 
following glucose administration. Salamanders, like snakes (Rhaney, 1948) and 
lizards (Miller & Wurster, 1956), are little affected by starvation and do not show 
a significant decrease in the blood sugar after a two-month fast. Fasting causes 
an atrophy of the pancreatic islets; this is similar to the beta cell inactivation caused 
by fasting in the pigeon (Miller, 1942). 

Most authors agree that amphibia are sensitive to insulin. Houssay & Rietti 
(1924) and Smith (1953) report a delayed hypoglycaemia with subsequent con- 
vulsions following the injection of insulin in anura. The results obtained by 
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Barlow et al. (1931) in frogs after insulin are very similar to those obtained by us in 
Taricha. 

In accordance with our findings in Taricha, Wright (1959) found no effect of 
alloxan on either the blood sugar or islets in Rana catesbiana. Seiden (1945), on 
the other hand, produced hyperglycaemia and beta cell damage with alloxan in 
Rana pipiens. 

The lack of sensitivity of Taricha to Synthalin A may be related to the absence 
of a glucagon-producing element, but in view of the lack of studies on other 
amphibian species, one must withhold judgment at this time. 

As is generally found in all vertebrate animals, adrenalin and hydrocortisone 
effect both a hyperglycaemia and beta cell degranulation (Miller & Wurster, 
1956). 

Noting that animals which have abundant alpha cells, e.g. lizards (Miller & 
Wurster, 1956), and animals which produce relatively large amounts of glucagon 
in their own pancreases, e.g. birds (Vuylsteke & Deduve, 1953), are extremely 
sensitive to glucagon (Miller & Wurster, 1958; Miahle, 1955b; Hazelwood & 
Lorenz, 1957; Snedecor et al., 1956), Taricha’s lack of reaction to glucagon may 
indicate that an animal lacking alpha cells may not be able to utilize this substance. 
The bullfrog is reported by Wright (1959) to have alpha cells in its pancreatic islet 
and to be sensitive to glucagon administration by reacting with a rapid rise in 
blood sugar concentration. 

A decline in the blood sugar level following hypophysectomy is found in all 
classes of vertebrate animals, with some exceptions reported in the anura (Slome, 
1936; Zwarenstein & Bosman, 1932). A very sharp hyperglycaemic reaction 
following pancreatectomy of the hypophysectomized as well as the normal animal 
ruled out the possibility of a pituitary hyperglycaemic factor of any significance 
and caused us to look elsewhere for such a factor. These results in Taricha are in 
contrast to those obtained by Slome (1936), and by Houssay & Biasotti (1936) 
who found that in toads hypophysectomy alleviates pancreatic diabetes and that 
the anterior pituitary has a diabetogenic action which is independent of the adrenal. 
Since hypophysectomy does not alleviate pancreatic diabetes in Taricha until after 
atrophy of the interrenal tissue, the primary role of the latter in maintenance of 
the blood sugar becomes evident. Although the interrenal tissue of Taricha is 
ultimately dependent on the pituitary gland, the fact that it continues to function 
for two months after removal of the pituitary indicates a fundamental difference in 
the endocrinology of urodeles and anurans—the primary difference perhaps lying 
in the greater dependence of the interrenal tissue of anurans on the pituitary 
gland. 

The sensitivity of Taricha to mammalian insulin indicates a similarity, in some 
respects, of its carbohydrate metabolism to that of other vertebrates. Its in- 
sensitivity to glucagon, lack of pancreatic alpha cells and contrary reaction to the 
classical alleviation of pancreatic diabetes by hypophysectomy demonstrate a 
difference, in some respects, of its carbohydrate metabolism from that of other 
vertebrates. 
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Abstract—Pooled blood filtrates obtained from crayfish collected in the fall and 
again in early spring yielded reducing values of approximately 50 mg/100 ml. In- 
dividual values ranged from 4-8 to as high as 75 mg/100 ml. The glucose component 
represented from less than 1-0 to 19-8 mg/100 ml and is a smaller fraction of the total 
blood sugar in premolt animals (gastrolith formation) than it is in intermolt or late 
intermolt. 

Chromatographic analysis demonstrated the presence of glucose, glucose-6- 
phosphate, maltose, maltotriose, maltotetraose and a galactan derivative. The 
presence of trehalose could not be determined with certainty; amino sugars and 
acetyl-amino sugars could not be demonstrated. No quantitative nor qualitative 
difference was evident when blood from fall and spring animals was compared. 


WIpE ranges of total reducing sugar values have been reported in crustaceans 
(Morgulis, 1922; Hemmingsen, 1924; Kleinholz & Little, 1949). Morgulis 
measured carbohydrate levels in marine crustaceans and obtained total reducing 
values of 20-70 mg/100 ml. Additional experiments showed that there is an 
appreciable variation in blood sugar concentrations between starved and freshly- 
captured animals, as well as between species. However, Roche & Dumazert (1935) 
found no significant difference in the blood sugar of Cancer pagurus after one month 
starvation and in freshly-captured animals. Kleinholz & Little (1949) found 
marked variations in the fermentable component of blood sugars in Lzbinia 
emarginata when the animals were subjected to abnormal physiological conditions. 
The blood sugar level of crayfish was reported to be from 2 to 40 mg/100 ml 
with an increase following feeding (Hemmingsen, 1924). Renaud (1949) suggests 
that the differences in blood sugar concentrations reported by various authors may 
be largely due to physiological differences in the animals at the time of blood 
extraction, particularly during the molt cycle. 

Experimental evidence which distinguishes between fermentable and non- 
fermentable sugar components in crustacean blood has been presented (Kleinholz 
& Little, 1949; Scheer & Scheer, 1951). More recently enzyme specific methods 
for true glucose have become available and have permitted quantitative estima- 
tion of this sugar in crustaceans. Results obtained with the blood of Hemigrapsus 


* This investigation was initiated during the tenure of a Lalor Foundation summer research 
award extended to one of us (M. A. McW.) and is currently under support from the National 
Science Foundation. 
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nudus using the hexokinase glucose-6-phosphate dehydrogenase method of LePage 
& Mueller (1949) have shown that glucose represents a small fraction of the blood 
carbohydrates expressed as total reducing substances (McWhinnie & Scheer, 
1958). Blood glucose levels obtained with this method are in the same order of 
magnitude as those previously reported as ‘fermentable’ sugars. Using the 
same brachyuran species, Hu (1957, 1958) demonstrated the presence of fucose, 
galactose and the oligosaccharides of glucose in whole crab preparations. This 
work offered the first identification of the non-glucose components of crustaceans 
and it might be assumed that some or all of these carbohydrates would be found 
in the blood and would show variations in accord with skeletal synthesis. From 
these observations it would appear that the blood sugars of crustaceans must be 
identified if the details of chitin synthesis and carbohydrate metabolism during 
the molt cycle are to be elucidated. A study of the carbohydrates in crayfish blood 
was therefore undertaken, using glucose-specific enzyme preparations and paper 
partition chromatography. 


MATERIALS AND METHODS 


Animals 


Fresh-water crayfish, Orconectes virilis, obtained principally from Oshkosh, 
Wisconsin, were placed in a large aquarium of aerated tap water or in cages 
through which constantly running water flowed at 17—20°C. The animals ranged 
in size from 4 to 5 in. in length. All normal animals were fed beef liver once a 
week, while those deprived of their eyestalks were fed twice a week or daily 
depending on the duration of the experiment. An active response of destalked 
animals to food was noted. 


Glucose and total reducing substances 


For the study of carbohydrate levels in individual animals 0-3-0-5 ml of 
blood was drawn from the coxal membrane of the third to the fifth periopod. 
The samples were dispensed into small tubes and placed into boiling water for 
10-30 sec for protein coagulation. This method of deproteinization has been 
previously shown to have no substantial influence on blood sugar level and main- 
tains the blood suitable for enzymatic procedures (McWhinnie & Scheer, 1958). 
Deproteinized filtrate was obtained by centrifuging at 17,000 r.p.m. for 30 min 
and samples were immediately analysed or were stored at — 25°C for later study. 

Total reducing values were obtained with the Folin-Wu alkaline copper- 
phosphomolybdate reagents (Folin & Wu, 1920). Glucose levels were deter- 
mined on the same samples with the glucose oxidase—o-dianisidine reagents 
(Worthington Biochemical Corp.) according to the procedure of Keston (1956) 
and Teller (1956). However, 12 N HCl was more effective in stopping the re- 
action than was the recommended 4 N acid. Readings were made at 401 mu 
with a Beckman DU spectrophotometer with photomultiplier attachment. Success- 
ive readings on any sample did not vary more than 0-4 per cent transmission. 
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Preparation of filtrate for chromatography 

Large animals were totally exsanguinated without regard to sex or size. 
Since this study was for qualitative sugar identification only it was not considered 
essential to select animals on the basis of sex. Blood was taken from animals col- 
lected in early October and in March. Such a selection was based on the assump- 
tion that the former might represent a post- or intermolt condition while the 
latter might represent the premolt condition. 

The blood obtained from these animals was deproteinized in the manner 
indicated above and all samples were pooled yielding a total of 50 to 60 ml of 
filtrate for each of the two groups studied. Pooled supernatant was dionized in 
a mixed bed resin (Deeminite). ‘The total effluent was dried im vacuo; the residue 
was weighed and then dissolved in distilled water. A concentration of 10 yg/pl. 
was used for each reference standard sugar and filtrate. 


Chromatography 

Chromatographic analyses were made with unidimensional flow on Whatman 
No. | filter paper and development was terminated in 19 or 33 hr. Optimum resolu- 
tion was obtained with n-butanol : ethanol : acetic acid : water (8 : 2:1 : 3). 
Papers were washed in the solvent system prior to spotting, to remove peptide- 
like contaminants (Wynn, 1949). 

Reference standards consisted of aldoses, ketoses, phosphate esters and oligo- 
saccharides. 

‘The detectors used in this study included: (1) a modified ammoniacal silver 
nitrate to detect the presence of oxidizing agents (Trevelyan et al., 1950); 
(2) aniline hydrogen phthalate (Partridge, 1949) for aromatic amine salts; 
(3) naphthoresorcinol for ketose identification (Partridge, 1949); (4) benzylamine 
derivatives for oligosaccharide identification (Bayly & Bourne, 1953); (5) the 
molybdic acid modification of the Hanes—Isherwood reagents (1949) for sugar 
phosphates (Burrows et al., 1952); and (6) the iodine vapor method of Greenway 
et al. (1953) for the detection of non-reducing carbohydrates. 


RESULTS 

Reducing substances and glucose 

Blood sugar levels of fresh-water crayfish randomly taken during the spring 
to fall months show a wide range in concentration of both total reducing substances 
and glucose. Reducing substances in normal animals ranged from 2-06 to 75-62 
mg/100 ml with a median value of 13-2 mg. The level of glucose in these same 
samples ranged from less than 1-0-19-77 mg/100 ml with a median of 3-98 mg. 
Results obtained from sixty animals are presented in scatter form in Fig. 1 where 
values for normal males and females are shown separately. It is not yet clear 
whether the difference in blood levels based on sex is significant. The results in 
Fig. 1 were obtained from animals representing all stages in gastrolith formation 
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as well as those showing neither gastrolith stages nor early post-molt character- 
istics (thus intermolt). Based on the physiological stages represented, the high 
variability in blood levels of carbohydrates might be anticipated. 

Carbohydrate concentrations were determined after eyestalk removal. Blood 
samples were taken from the same individuals at 3-4 day intervals, through 14 
days after eyestalk removal. Because of the death of some animals the number 
of samples decreased but the level of blood sugar concentration remained in the 


10 


Days after eyestalk removal 


Fic. 1. Distribution of the concentrations of total reducing substances and glucose in 
deproteinized blood filtrate obtained from sixty crayfish before, (N), and at intervals 
after, eyestalk ablation. 

@ Total reducing substances. 
Glucose. 


same order of magnitude. ‘These values are also shown in Fig. 1. It is evident 
that eyestalk removal has a distinct influence on the concentration of total reducing 
substances in crayfish blood. ‘These values ranged from 0-2 to 44:34 mg/100 ml 
with a median value of 7-1 mg; a decrease to 53-8 per cent of the median value 
of unoperated animals. Glucose values were from less than 1-09-96 mg/100 ml 
with a median of 1-4 mg—a decrease to 35-1 per cent of the median value for 
normal animals. 

A second series of animals was studied in the same manner and these were 
separated into two categories: (A) thirteen animals showing some uniformity 
with respect to stage in the intermolt cycle, i.e. distinct evidence of “‘epithelial 
pockets” on the anterior face of the stomach (considered very late intermolt or 
early premolt); (B) twelve animals in various stages of gastrolith formation (con- 
sidered to range from early premolt to a point of imminent molt). It is recognized 
that the latter included physiologically different animals but for purposes of 
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TABLE 1—TOTAL REDUCING SUBSTANCES AND GLUCOSE IN THE BLOOD OF THE FRESH-WATER 
CRAYFISH, Orconectes virilis, AS INFLUENCED BY EYESTALK REMOVAL AND MOLT CONDITION 


| Total reducing substances Glucose 
Animal | Molt (mg/100 ml) (mg/100 ml) 
No. condition 


Normal Destalked Normal Destalked 
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* Ep. = epithelial. + TRS=total reducing substances. 


comparison this group emphasizes blood sugar variations in premolt animals 
and permits a preliminary analysis of blood carbohydrates. Further, it gives 
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evidence of the necessity for establishing stages in the intermolt cycle of this 
species for the analysis of carbohydrate metabolism. ‘The results from these two 
groups are given in Table 1. In animals representing approximately the same 
physiological condition (Group A) the mean value of total reducing substances 
in blood was somewhat lower than was that of blood taken from animals in 
different stages of gastrolith formation (Group B). However, by 24 hr after eye- 
stalk removal the decrease in total reducing substances was essentially the same 
in both groups (29 and 37 per cent respectively). Blood glucose levels also showed 
a difference when animals were compared with respect to molt stage and eyestalk 
removal. The mean value indicates that glucose will represent from 14 to 36 
per cent of the total reducing substances and that eyestalk removal results in no 
change or a decrease in this component. However, glucose represents a larger 
fraction of the total blood sugars in very early premolt animals (36-4 per cent) 
than it does in those possessing gastroliths in some stage of formation (14-5 per 
cent). Individua. glucose values from this latter group indicate that while the 
response to destzlking is, in general, a decrease in total reducing substances, the 
absolute amounts of blood glucose tend to rise. 


Chromatographic analysis 


To achieve clear separation of the blood filtrate components and to compare 
mobilities of these components, an initial experiment was carried out using 20 pg 
aliquots of reference standard and blood sugars. The solvent system was per- 
mitted to pass off the paper and R,, values were calculated (see Table 2). From 


TABLE 2—Rg VALUES OF CRAYFISH BLOOD FILTRATE 
AND REFERENCE STANDARDS 


Substance Re (Glucose reference) 


1. D-mannose 1:26 

2. p-trehalose 0-48 

3. p-fructose 1:26 

4. p-galactose 0:93-0:30 

5. L-rhamnose 1-88 

6. L-fucose 1:63 

7. D-glucose 1:00 (15 cm) 

8. p-maltose 1-00—0-46-0-20 

9. Crayfish blood filtrate | 1-00—0-46—0-20-—0-10 


Detector: NH,-AgNO, 


these results it was evident that D-mannose, D-fructose, L-rhamnose and L-fucose 
could be eliminated. In subsequent chromatograms these sugars were omitted, 
as was glucose, since its presence was clearly evident. 

To obtain R, values for comparative purposes, the solvent front was not 
permitted to leave the developing chromatogram. The values given in Table 3 
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indicate that in the blood filtrate there is present galactose, maltose, trehalose, 
an unknown and a component corresponding to the contaminant of maltose. 


TABLE 3—Ry VALUES OF THREE REFERENCE STANDARDS 
AND FILTRATE 


Substances Rp values 


p-trehalose 0-11 
. D-galactose 0:22-0:10 
p-maltose 0-23—0-12-—0-06 
Crayfish filtrate Q-23—0-11—0-05-0-02 
Detector: NH,-AgNO, 


‘These results agree with those given in Table 2 and are comparable to others 
obtained with the aniline hydrogen phthalate spray (Partridge, 1949). 

‘lo obtain better resolution of the filtrate components benzylamine deriva- 
tives were studied. Reference sugars and filtrate respectively were reacted with 
benzylamine directly on the paper and development of N-benzyl-N-glucosyl- 
amine was then carried out. The high R,, values of glycosylamines made rapid 
separation possible. Ninhydrin recommended for the detection of these deriva- 
tives was rejected in favor of ammoniacal silver nitrate, since with the former a 
dense pattern of spots appeared on the chromatogram in the filtrate path. Hu 
(1958) suggested the presence of a mucopolysaccharide when non-reducing spots 
were obtained with ninhydrin in chromatographic analysis of the polysaccharide 
fraction of Hemigrapsus nudus. In this regard results with crayfish blood filtrate 
resemble those obtained in carbohydrate analysis of the shore crab. 

The values given in ‘Table 4 indicate the presence of a filtrate component 
corresponding to a galactan derivative, D-maltose, D-trehalose and two unknowns 
one of which is identified with the contaminant of maltose, suggesting an oligo- 
saccharide. 


TABLE 4—Rp VALUES OF BENZYLAMINE DERIVATIVES 


Substances Ry values 


Blood filtrate 
D-maltose 0-25-—0-13-—0-05 
p-galactose 0-58—0:22-—0-09 
p-trehalose 0-13 

Detector: NH,-AgNO, 


The presence of both trehalose and maltose in the one filtrate spot was sug- 
gested in these chromatograms and the multiple-development method of French 
et al. (1950) was employed to obtain better resolution. Although the mobility 
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of each component was enhanced, no further separation of the “‘maltose trehalose” 
spot was obtained. To distinguish the reducing-sugar maltose from the non- 
reducing trehalose, the method of Greenway ¢é/ al. (1953) was used. At no con- 
centration of the blood filtrate spot was trehalose indicated while the internal 
standard of this sugar was evident in low concentrations. 

Negative results were obtained for the presence of ketoses in the filtrate 
composite. D-fructose was used as a reference standard and gave a positive re- 
action with use of a naphthoresorcinol-trichloracetic acid spray. 

Phosphate esters. In the identification of the phosphate esters, methods de- 
pending on phosphomolybdate formation were used as well as those applicable 
to the detection of reducing substances. Heat was eliminated by exposing wet 
chromatograms to ultra-violet radiation (Bandurski & Axelrod, 1951) which 


TABLE 5—Rp. VALUES OF SUGAR 
I 


PHOSPHATES 


Substances | Rp values 
1. Blood filtrate 0-34 
2. p-glucose-1-phosphate | 0-17 
3. p-glucose-6-phosphate 0-34 
4. Fructose-6-phosphate 0-20 
5. Galactose-6-phosphate 0:22 
6. Acetyl phosphate 0-42 


Detector: 
| Molvbdic acid— 
ultra-violet 


permitted the hydrolysis of resistant esters and minimized background color. 
The formation of phosphomolybdic acid and the subsequent reduction to “molyb- 
denum blue” demonstrated the presence of glucose-6-phosphate in the filtrate 
(‘Table 5). 

Oligosaccharides. Advantage was taken of the relationship between the partition 
coefficient of a solute in the aqueous phase relative to the solvent phase, demon- 
strated by England & Cohn (1935) and by Bate-Smith & Westall (1950), for oligo- 
saccharide identification. ‘These authors reported a linear relationship when the 
logarithm of the partition coefficient was plotted for an homologous series, and 
demonstrated the regularity in change with each additional carbon atom in a 
chain. Bate-Smith & Westall plotted log (1/R,—1) against a number of similar 
group, while all else remained constant, and a similar relation was obtained. 

It is upon this evidence that the results given in Table 4 can be plotted using 
the log (1/R,—1) with respect to the groups appearing on the chromatograms. 
It can be assumed that the blood filtrate spots (2, 3 and 4) which occupy the 
same position on the graph (Fig. 2) as do those of the maltose series (2, 3 and 4) 


8 


a 
a 


118 Mary A. McWHINNIE AND Sr. P. N. SALLER 


belong to that series. An unknown spot of the blood filtrate completes the linear 
relationship and could be included in the series. The galactan derivative, pre- 
viously mentioned, appears at position (1) on the same graph and belongs to the 


galactan series. 


2 3 
Hexose units /molecule 
Fic. 2. Relation between the log (1/Rp—1) and the structure of benzylamine derivatives 
in a paper chromatogram. 
@ Maltose series of a reference standard of (2) glucose, (3) maltose, (4) maltotriose. 
Crayfish filtrate, (1) galactan derivative, (2) glucose, (3) maltose, (4) maltotriose, 
(5) maltotetraose. 
Galactose series from reference standard of (1) galactan derivative, (2) galactose, 
(3) lactose. 


Since Hu (1958) demonstrated the presence of the maltose oligosaccharides 
in a marine crustacean, it appeared possible that these would also be in fresh- 
water crayfish. ‘To identify the presence of the maltose oligosaccharides, a group 
of chromatograms was developed in which reference standards of maltotriose 
and maltotetraose were used. Mobility rates in logarithm of distance in cm plotted 
against hexose units per molecule are shown in Fig. 3. This graphic analysis ts 
based on the observations of Jeannes et al. (1951), who reported that a linear 
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2 3 
Hexose units /molecule 


Fic. 3. Relation between mobilities on a paper chromatogram and structure of oligo- 
saccharides. 
@ Early spring blood filtrate, (1) glucose, (2) maltose, (3) maltotriose, (4) maltotetraose. 
Fall blood filtrate (same as spring filtrate). 
4 (2) Maltose, (3) maltotriose, (4) maltotetraose. 
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relationship is obtained when the logarithm of the distance moved by a spot 
is plotted against the number of saccharides in what appears to be an homologous 
series. It is evident that the filtrate components of blood taken from fall and 
early spring animals occur on the same position as those occupied by glucose, 
maltose, maltotriose and maltotetraose, respectively. 


DISCUSSION 

Total reducing values obtained for pooled blood filtrate of the crayfish 
Orconectes virilis as well as for individual samples in this study are slightly higher 
than those previously reported (Hemmingsen, 1924) and range principally to 
40 to 50 mg/100 ml with some values as high as 75 mg. Evidence has been pre- 
sented that a structural element of the crustacean eyestalk controls blood sugars 
and as a result of the injection of eyestalk extract Abramowitz et al. (1944) reported 
the presence of a diabetogenic factor. ‘The results reported here are in accord 
with this showing a decrease in total reducing substances after eyestalk removal. 
A similar response has been reported for Panulirus (Scheer & Scheer, 1951). 
However, analysis of the individual histories of the sixty randomly selected cray- 
fish indicated that approximately one-third of the animals showed no significant 
change in total reducing substances as a result of this operation. 

A group of thirteen crayfish similar with respect to stage in the molt cycle 
showed a decrease in the mean value of total reducing substances of approximately 
30 per cent after destalking. However, three animals showed no marked change 
as a result of the operation; one showed a rise and the remaining nine showed a 
decrease from the pre-operative level. A similar response in glucose level was 
also noted. In the second group of twelve animals which represented different 
degrees of gastrolith formation the blood sugar levels were also altered 24 hr after 
eyestalk removal. In this group eight showed a distinct rise in blood glucose 
instead of the decrease shown in the former group; one showed no change and 
three underwent a decrease. Because of the fact that this change occurred at the 
time when total reducing substances were lower the mean glucose value rose 
from 14 to 25 per cent of the total blood sugars. 

It must be emphasized that the values reported here were obtained from 
animals in different stages of the molt cycle. The work of Scheer & Scheer (1951) 
and of ‘l'ravis (1955) suggests that the control of carbohydrate metabolism and 
molting are closely related. In a study of the brachyuran Carcinides maenas 
Scheer (1959) demonstrated that the carbohydrate level varies with the stage in 
the molt cycle, being higher in premolt than in intermolt animals. ‘The evidence 
indicates that eyestalk removal influences carbohydrate metabolism in early C, 
animals but is without effect in the D stages. Until more precise staging has 
been established for Orconectes it can be inferred, from results given here, that 
crayfish considered to be in late intermolt or early premolt show a higher per- 
centage of the total blood sugars as glucose, while the mean value of total reducing 
substances is somewhat lower than is that of a group having gastroliths of various 
sizes. 
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Results reported in this study show that eyestalk removal leads to a decrease 
in the blood sugars of crayfish but that glucose levels tend to rise when the opera- 
tion is performed in premolt animals (gastroliths present). ‘The presence of glucose- 
6-phosphate in blood may be an indication of hexose polymerization in the presence 
of appropriate enzymes and this could be a precursor to the circulating oligo- 
Release from a molt-controlling factor through eyestalk removal 


ics. 


saccharic 
during premolt may lead to an increase in utilization of the oligosaccharides in 
the hypodermis with an attendant decrease of these sugars in the blood. At the 
same time mobilization of liver glycogen would elevate blood glucose. This 
view has been previously suggested by Scheer & Scheer (1951). From a study 
with 'C-glucose these authors concluded that this sugar is not used primarily 


as a substrate for glycolysis but as a precursor of chitin. 


Hu (1958) was unable to demonstrate trehalose in H. nudus and suggested 
that this fact may distinguish between the classes of Arthropoda. However, in 
a study of Artemia salina, Dutrieu (1959) reported that trehalose is the principal 
reserve of dormant eggs and embryos and is present in small amounts in the 
adult. ‘Thus, evidence of the occurrence of this disaccharide in crustaceans has 
been given and can be reasonably expected to be present in decapods. In the 
chromatographic study reported here it was not possible unequivocally to demon- 


strate the presence of trehalose in a pooled crayfish blood filtrate. Maltose and 


trehalose appeared to be identical when spotted alone or with the filtrate and no 


separation could be obtained with multiple development. Further, failure to 
obtain positive evidence for trehalose when a non-reducing carbohydrate detector 
was used would indicate that this sugar is not present in crayfish blood. If trehalose 
is present in small amounts as was reported for adult Artemia salina, or fluctuates 
with molt condition, it is possible that such a component may not be found in a 
pooled blood-filtrate. 

‘The significance of a galactan derivative present in the filtrate is not immediately 
apparent. Dumazert & Penet (1938) identified a polysaccharide compound of 
galactose in the blood of Cancer pagurus. However, mannose and glucosamine, also 
found in the blood of that species, could not be identified in the blood of the crayfish. 


SUMMARY 

Sugar analyses of the blood of the fresh-water crayfish, Orconectes virilis, show 
that glucose represents an average of approximately one-fourth of the total re- 
ducing substances. 

There is some evidence that the glucose level varies with the molt condition 
and tends to rise after eyestalk removal, when animals are in various stages of 
gastrolith formation. 

‘The presence of glucose, glucose-6-phosphate, a galactan derivative, maltose 
and the maltose oligosaccharides has been demonstrated by chromatographic 
analysis of crayfish blood filtrate. 
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Abstract—The cnidae situated in the acontial filaments of the sea-anemone, 
Diadumene luciae, were found to respond by eversion of the stinging threads to 
potassium or ammonium ions in the external medium, to electric current and to 
mechanical contact of certain solid matter, such as food objects, human hair or skin, 
cholesterol, etc. All of these agents proved to be without effect on the cnidae which 
had been isolated from the acontium. The above-mentioned responses of the cnidae 
in situ were prevented reversibly by ordinary kinds of anaesthetics. Such situations 
were largely in accord with those which had already been reported for the cnidae in the 
tentacles of Anemonia sulcata. The important finding obtained in the present study 
was that the presence of chloride ions in the external medium was a necessary factor 
for establishing the explosion responses of cnidae in situ, and that the stimulating agents 
could produce only ‘“‘misfiring’”’ extrusion of cnida bodies, when they were made to act 
in a medium which was poor in chloride content. These facts have led the writer to 
propose a hypothesis concerning the mechanism of cnida excitation, in which essential 
roles are ascribed to the external chloride ions as well as to the thin surface proto- 
plasmic layer of acontium which covers the distal ends of cnidae in situ. 


INTRODUCTION 


As is well known, the nematocysts (cnidae) of coelenterates can remain reactive 
after their isolation from the cnida-bearing tissue. However, the kinds of external 
agents which are able to elicit their reaction, viz. explosion (thread eversion), seem 
definitely different between the case of the isolated cnidae and that of the cnidae 
which still remain embedded in the tissue. Attention has already been called to 
such a situation by various authors, as Glaser & Sparrow (1909); Parker & van 
Alstyne (1932); Weill (1934); Pantin (1942). Further, it has been pointed out that 
the cnidae im situ within the body surfaces are sensitive enough to respond to mild 
or subtle kinds of stimuli like a slight mechanical contact, while a rather violent 
agency like a strong acid or base is necessary for eliciting the discharge of isolated 
cnidae. 

To explain these relations, the previous authors assumed an intermediating 
role of “‘cnidoblast”, a mother-cell bearing the cnida, which should receive the 
action of external agent as a stimulus and transform it into one of such agents as 
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‘Thus, formation of an acid within 
the cnidoblast on stimulation has frequently been postulated (e.g. Parker & van 
Alstyne, 1932), while other authors have been satisfied only by referring to an 
excitation of the cnidoblast as the mechanism of transformation. Indeed, the fact 
brought to light by Pantin (1942) that the anaesthetic effect was observable only on 
the cnidae remaining 7m situ has encouraged the view that the cnidoblast responses 
follow the ordinary category of excitation. 

In the previous papers (Yanagita, 1943; 1951; 1959a, b; Yanagita & Wada, 
1953), the present writer has reported the behaviour of cnidae isolated from the 


are known to be effective directly on the cnida. 


acontia of a sea-anemone, Diadumene luciae. Since Diadumene acontium appears 
to be the material most suitable for analysing the difference which may exist between 
the agents effective directly on the cnidae and those effective only through the living 
matrix, an attempt was mi ide to inquire into the nature of excitation concerned in 
the cnida activity with this material, with the results as described in the following 
pages. A discussion will be developed on the basis of these results concerning 
the role played by the living matrix in the nettling response. 


MATERIALS AND 


METHODS 


‘he acontial filaments freshly cut off from Diadumene luciae were used as the 
cnida-bearing structures. ‘Their “nematocyst bands” (N bands) were loaded quite 
densely with the cnidae (Yanagita & Wada, 1959) which, furthermore, were of 
practically a single type, viz. microbasic p-mastigophores (Weill, 1934; Carlgren, 
1954). ‘The isolated mastigophores, which were obtainable in the form of suspension 
in 1 M glycerine by means of the extrusion method developed by the writer 
(Yanagita, 1943; 1951), served not only as the material which could supply experi- 
nental evidence for or against the excitatory (viz. indirectly acting) character of a 
given explosion-inducer, but also, with the well-established knowledge of their own 
reactive properties in isolated state, as the basis for consideration of the “‘intra- 
cellular” mechanism of response. 

‘The acontium was placed on a glass slide with a small amount of sea water in 
which it was left freely coiling or, sometimes, stretched out with both its ends 
attached to the dry glass surface. In the latter way of mounting it was easier to 
carry out the exchange of solutions, which was done simply by the use of inlet and 
outlet pipettes. ‘The application of the stimulating or anaesthetizing agent, as 
well as the observation of the response, was performed under a microscope, usually 
of low power. 

Chemical agents, as stimulants or anaesthetics, were applied to the acontium 
in the form of solutions in sea water, unless otherwise stated. These solutions 
were used unbuffered, since their pH was found always to remain well within the 
range between 3-0 and 11-0, which had been known to leave the isolated cnidae 
unaffected (see Yanagita & Wada, 1953). The electric and the contact stimulation 
took place usually in sea water. In a particular series of experiments to be described 
in a later section (Section 5), a specially prepared chloride-poor medium was used 
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as the diluent or medium for the stimulation experiment. Further specifications 
of the procedures will be given in the sections assigned for the respective 
experiments. 


RESULTS 


1. Excitatory effects of cations 


KCl had been known as an explosion-elicitor for the cnidae im situ in actinian 
tissues since the work of Parker (1905) and of Pantin (1942). Action of KCl was 
tested on Diadumene acontia in the way just described, and was found to be quite 
effective. When the stimulating effect of a series of mixtures of sea water and 
M/2 KCl solution with graded mixing ratios was studied, the approximate 


Fic. 1. The effectiveness of varying strength of K* ions in eliciting the reaction of the cnidae 
in Diadumene acontia. Plots with open circles refer to the reaction in the mixtures KCI- 
NaCl, those with solid circles to the reaction in the mixtures K,SO,—NaCl. Cl~ concentra- 
tion is kept down to M/10 in the latter, while the isotonicity with sea water is always 
retained by the presence of glycerine. The extent of reaction is represented by the number 
of extruded capsules, most of which are exploded, too, in the case of KCl-NaCl tests. 
Temperature: 16-19°C. The {K*] was from M/2 to M/1000. 


160 
| | “ 
| 
| Z 20Ugt+ Nabit gly Lut J U 
\ 
4 
>> 
ncentration of K* jon. inreciprocal of molarity number 
; 


126 T. M. YANAGITA 


threshold mixing ratio was found to be M/2 KCI : sea water = 1 : 2 ([K*] = M/5-8). 
If the mixing ratio of the solution was made extremely high (e.g. 1 : 0) there was 
observed instant and abundant explosion of cnidae produced over the acontium, 
while in the mixtures 2: 1 and 1 : 1 the response took about 12 sec and 1 min 
respectively for its completion. It was noticed that the explosion of cnidae was 
accompanied by the extrusion (viz. slipping out), either complete or incomplete, 
of the capsular bodies from the surfaces of acontium, and besides these there were 
a number of cnidae which were extruded without being preceded or followed by 
any explosion. 

Similar observations were repeated, this time more quantitatively, making use 
of mixtures of M/2 KCl and M/2 NaCl solutions. A set of data obtained is shown 
by a graph, plotted with open circles in Fig. 1. The ordinate represents the number 
of cnidae extruded from unit length of acoatium, not the number of exploded ones, 
since this was not only easier technically, but seemed more significant for a reason 
shown later. In the present case the majority of the cnidae extruded were exploded 
as well, and the results were largely in accord with those of the observations just 
described. It may, however, be seen that K* ions are effective in concentrations 
much lower than those mentioned above. Thus, in K—Na mixture, a small number 
of cnidae gave response to K* ions even when they were only about five times more 
concentrated than the normal K* level of sea water (about M/100). 

According to Pantin (1942), 5 per cent of 0-6 M KCl added to sea water was 
enough to make many of cnidae shoot from the acontia of Calliactis, while 20-40 per 
cent of the same solution was necessary to induce extrusion and explosion of cnidae 
from the tentacles of Anemonia. The values obtained in the present material 
coincide rather with the latter of these cases. Pantin reported further that the 
proportion of number of exploded cnidae to the total number of extruded cnidae 
increased with the strength of KCl. There was some indication of such a tendency 
also in the course of present observations, but it was not so clear. ‘Though it was 
suggested by Pantin that the action of K* ions on the “‘cnidoblasts’’ may be of 
mechanical origin through the mediation of muscular contraction, such a possibility 
seemed to be excluded in the present case, since there was no particular contraction 
of acontium to be noticed in association with the above-mentioned effects 
of K*. 

The other curve presented in Fig. 1 indicates a similar effect of K* ions which 
are applied as sulphate and in the presence of Cl~ ions at a lower concentration. 
This experiment will be dealt with later in connexion with the problem of the role 
of Cl-, but it may well serve as evidence for the responsibility of K* ions for the 
present effects of K-salts. 

Among a variety of cations other than K* thus far studied as chlorides, namely, 
Na*, Lit, NH,*, Ca?*, Mg?* and several kinds of organic cations as amines 
(primary to tertiary) and quaternary ammonium salts, including choline and 
acetylcholine, only NH,* was found to possess an effect similar to that of K* on 
the cnidae in Diadumene acontia. Fig. 2 shows a set of data obtained with mixtures 
of M/2 NH,Cl and M/2 NaCl solutions. It may be seen that NH,* ions were no 
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less effective than K* in the maximum strength (M/2), though the threshold 
molarity appeared higher than that of K*. The reaction also involved the process 
of extrusion, but each extrusion tended to stop halfway. 


NHaCL ]= M/2) 


Number of cnidae extruded from acontium, | cm. in Length, in 1 


Concentration of NHg* jon, in reciprocal 
of molarity number 


Fic. 2. The effects of varying strength of NH,* ions in eliciting the reaction of the cnidae 
in Diadumene acontia. The mixtures NH,Cl-NaCl were used. Temperature: 17:5°C. The 
[NH*] was from M/2 to M/100. 


CaCl, as well as NaCl proved to be without any effect on the cnidae in acontia, 
whereas an anaesthetizing action was shown specific to MgCl,, as will be described 
in a later section (Section 6). All the cations studied, including K+ and NH,"*, were 
found to have no effect on the isolated cnidae (Yanagita, 1959b). 

No anions were found to be excitatory on the cnidae im situ, quite in contrast to 
the remarkable efficacy of most anions on the isolated cnidae (Yanagita, 1959b). 
On the other hand, many anions had been known to suppress the spontaneous 
extrusion of cnidae from the acontia (Yanagita, 1959c). 


2. Excitatory effect of electric currents 


The fact that the cnidae could easily be induced to explode from the embedding 
tissue by electric stimulation was first reported briefly by Glaser & Sparrow (1909) 
on the tentacles and acontia of Metridium. It was then confirmed by Parker and 
van Alstyne (1932) in Metridium acontia and Physalia tentacles, and by Pantin 
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(1942) in dnemonia tentacles. Pantin found that even a single shock supplied by the 
condenser discharge was effective in eliciting the response, which was confined 
strictly to the stimulated region. 

Similar experiments were performed with the acontia of Diadumene and gave 
similar results as follows. 

Preliminary tests were made by sending induction shocks through a pair of 
AgCl-coated silver wires, 0-5 mm in diameter, placed near the piece of acontium 
lying in a shallow sea-water pool on a slide glass. A single induction shock was 
found effective in eliciting explosion in the stimulated region of the N band. 
‘There was some indication that the threshold was lower for current passing across 
the acontium than that sent lengthwise through the acontial filament. A series of 
successive shocks was found to cause a gradual increase in number of the exploded 
cnidae. ‘There was no indication of propagation of the activity over the acontial 
surface even on prolonged faradization; this agreed with the results of previous 
workers. 

lhe induction shocks were shown to be without any effect on the isolated 


‘nidae when they were sent through a suspension of cnidae contained in a class 
cnidae t were sent througn a suspension or cnidae contained ina glass 


llary, thus confirming the observation of Glaser & Sparrow (1909). 
\ more pre cise examination of the effect of electric current was made by the 


use of a pair of sea-water-filled glass microelectrodes, 1-40 in diameter at the 


aperture and connected with Ag—AgCl wires. The electrodes were adjusted by 
} J 


means of a micromanipulator to be in close contact with the surface of acontium, 
which was stretched across a shallow pool of sea water. A direct current, 1-50 pA 
in intensity, was delivered by a 67:5 V dry battery through a 100 kQ potentio- 

When the current was sent transversely through the acontium between the 
microelectrodes, the effect agreed with the law of polar excitation. Thus, at the 
moment of making or breaking the circuit the cnidae exploded in the small areas 
racing the electrode, whilst there was no reaction at all during the actual passing of 
current. Moreover, when the current of minimal strength was used, it was found 
that the response to a make-stimulus (or break-stimulus) was obtainable only when 
the electrode on the side of N band of acontium happened to be the cathode (or 
anode). ‘The current intensity required to provoke minimal response in one 
acontium was 20 «A using an electrode 40 in aperture, and was 8 A in another 
acontium using an electrode 1 « in aperture, indicating a very great variability of 
the minimal current density (0-016-10 pA/p?). The response was local, being 
restricted to the region underneath the electrode, and could involve only a single 
cnida if an electrode smaller than 2-5 : in aperture was used. Stronger or repeated 
stimuli gave rise to an enhanced amount of ¢ xplosion. It was further noticed that 
the majority of cnidae exploded by electric stimulation showed extrusion, complete 
or incomplete, of their capsule body from the acontial surface. 

The same polarity rule was found also to be valid when a microelectrode was 
used in combination with a gross Ag-AgCl reference electrode, which was placed 
parallel to the acontium at a distance of a few millimetres, though much stronger 
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Fic. 3. An acontium immersed in olive oil. Some cnidae are seen having exploded and 
ejected their capsular contents from the ends of stinging threads, in response to the contact 
of oil. x about 100. 
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current (750 A) was required. When the current was passed longitudinally 
through the acontium by means of a pair of gross Ag—AgCl electrodes, placed 1 cm 
apart from each other, on the same side (either N band or ‘“‘ciliated’’ band) of the 
acontium, the response was still more or less confined to the regions adjacent to the 
electrodes, but both the cathodal and anodal regions showed the response equally 
either on making or breaking the circuit. 

| inally, the reactivity of acontia to electricity was abolished altogether, when 
the acontial tissue was damaged by crushing gently under a cover slip. ‘This, as 
well as the already mentioned fact of insensitivity of isolated cnidae to electricity, 
may afford evidence that the cnidae’s sensitivity to electricity depends upon the 


existence of an intact extracapsular structure. 


3. Contact-chemical excitation 
Pantin (1942) found that though the cnidae in the tentacles of Anemonta gave 
no response to contact of a clean glass bead or a clean cotton wad, they reacted 
quite infallibly to contact of certain solid materials with an explosion which was 
restricted to the touched area of the tentacle surface. As such effective materials, 
he mentions certain food objects for the anemone, e.g. the gill and mantle of Pecten, 
piece of human hair or skin, a glass bead coated with paraffin, lecithin, or with 


an alcoholic extract of Pecten gill, cotton wad soaked with dilute bile salt, etc., 
whereas bile salt applied simply as a solution was without effect unless a much 


streneth was used. According to Pantin, this kind of excitation, which he 


called ‘‘contact-chemical’’, should represent the most nearly natural form of cnida 


activity. 

Analogous experiments were undertaken with the acontia of Diadumene and 
gave the results which largely conformed with Pantin’s. ‘The following kinds of 
test objects were studied. ‘They were brought into contact with the surface of 
acontium, placed freely or in a lightly stretched state in a pool of sea water, under 
a binocular dissecting microscope. 

(a) Clean glass bead. A smallcapillary bead(0-15—0-3 mm in diameter) at the end 
of a glass rod was found, if it was clean, to be without any effect on the acontial 
surfaces. However, there were occasionally a few explosions, especially if the bead 
had a rough surface or if it was pressed very firmly against the acontium. ‘There 
was apparently individual as well as physiological variation of sensitivity to tactile 
stimulation, including the quite effective kinds of contact-chemical stimuli to be 
mentioned below. The situation was much the same as was described by Pantin 
for Anemonia tentacle. Thus it was necessary for a proper appreciation of efficacy 
of each test object to carry out a number of checking touches with an “‘inert’’ glass 
bead or rod, on acontia from each anemone specimen, and to standardize the 
relative sensitivity. 

It could be shown, as in the case of Anemonia tentacle, that dragging a piece of 
acontium along a dry, clean glass surface always resulted in considerable explosion 
of the cnidae. On the other hand, the nonreactivity of the isolated cnidae even to 
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intense mechanical agencies like pressure, torsion, etc., had already been reported 
by various authors including Glaser & Sparrow (1909) with Metridium cnidae 
and the present writer (Yanagita, 1943) with Diadumene cnidae. 

(b) Human hair and skin. A human hair (about 0-1 mm in diameter) was 
mounted on the end of a glass rod and brought on the acontium. It was found 
effective in eliciting strictly localized explosion of cnidae. ‘The response took place 
right on the touched surface when the hair was applied to the N band of acontium, 
but could be elicited on the opposite surface in cases where the contact was made on 
“‘ciliated”’ (viz. cnidae-free) band. In the former case, the stinging threads became 
attached to, or perhaps plunged into, the hair so firmly that withdrawing the hair 
pulled on the acontium, as was described by Pantin in the case of tentacle. A whole 
bunch of exploded cnidae was often pulled out of the acontium with their threads 
anchored to the hair. 

In evoking the contact response the hair root was most effective, though the 
lateral surface of the shaft proved effective too. Previous washing of the hair with 
soap or with ether did not diminish its efficacy. ‘The contact of a glass rod similar 
in size and shape failed to induce a comparable reaction. 

A fresh piece of human epidermis as obtained from an abrasion, when 
brought to the surface of acontium by means of forceps, was found to produce 
a similar reaction, while dry exuvia from a severely sunburnt surface failed to 
do so. 

(c) Natural food objects for the anemone. A small piece of jackfish’ skin or flesh 
as well as a cut end of a prawn’s leg (held by forceps or mounted on a glass rod) 
caused the cnidae to shoot from the region of contact. On the other hand, there 
were a number of allied living materials which failed to show an effect, like the 
flesh of a shore crab and of a periwinkle, as well as the unfertilized eggs of sea 
urchin, Mespilia globulus, which were made to hit the acontial surfaces by a jet 
produced in water. 

When made to act directly on isolated cnidae, both the human hair and the 
prawn’s leg were shown to be without effect. 

(d) Cholesterol and its derivatives. Purified crystals (prepared and kindly 
provided by Dr. M. Shiota of the Department of Chemistry) of cholesterol, epi- 
cholesterol, cholestanone, cholesteryl acetate and cholestanyl acetate were used. 
Some crystals were attached to a glass bead by having the latter heated beforehand 
and causing the crystals to partly melt. On being brought into contact with the 
acontium, all five steroids were found effective in eliciting the local reaction, 
which, however, was particularly pronounced with cholesteryl and cholestanyl 
acetates. ‘The explosion was usually accompanied by extrusion of the capsules, 
and there were even cnidae which were extruded without an accompanying 
explosion. ‘This was perhaps the feature distinguishing the response to steroids 
(and to fatty acids, mentioned below) from those to more natural kinds of contact 
stimuli as hair, skin, etc., in which such “misfiring” extrusion was rare. 

Control experiments with a glass rod having more or less sharp edges resembling 
those of the crystals proved not to a have similar effect. 
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‘Two more steroids, both known as sex-hormones in vertebrates, were included 
in this group of test materials, namely, testosterone and oestradiol, also prepared 
by Dr. Shiota. Only the former proved to be definitely effective. 

(e) Lecithin. A Merck product in the form of a powder was used. A small 
amount of the sticky powder was attached to a gizss bead and applied to the 
acontium. ‘lhe results were negative, contrary to the results obtained by Pantin 
(1942) in Anemonia tentacle, which, however, was unresponsive to cholesterol. 

(f) Higher fatty acids. Purified samples of stearic, lauric and myristic acids 
were kindly given by Mr. M. Hirano of Japan Oils and Fats Company laboratory. 
A small amount of the flaky materials was attached to the glass bead and tested on 
the acontium. The results were judged to be positive for stearic and lauric, while 
myristic acid as well as a clean glass end, made edgy by chipping, proved 
negative. ‘The reaction to stearic and lauric acids was much the same as that to 
cholesterol in its appearance. 

An effect of lower fatty acids (acetic and butyric) in a dilute solution (0-1%, 
pH 4-0-4-2) in eliciting “spontaneous” explosion, such as reported by Pantin 
(1942) for Anemonia tentacle, could not be found in the present material. ‘They 
were without effect on the cnidae im situ unless concentrated up to 0-5 per cent 
when the pH was then low enough to be effective directly on the cnidae. 

(g) Liquid oils. When an acontium was placed in paraffin oil, olive oil or castor 
oil, there was sporadical and successive outbreak of cnidae explosion observable 
over the acontial surface which came into contact with the oil. Individual explosions 
took place somewhat less rapidly than usual, the capsular contents forming a 
droplet at the end of each discharged thread, and there was no extrusion of capsular 


bodies (Fig. 3). 


4. Chemical sensitization to the contact stimulus 


According to Pantin (1942), the contact of a clean glass bead could be effective 
in provoking the cnida response from Anemonia tentacles if the “‘cnidoblasts’’ had 
previously been sensitized by being exposed to a solution of diluted bile salts, 
human saliva, food extracts, etc., in sea water, while most of these solutions could 
not cause any explosion by themselves. This kind of phenomena was found also 
in the present material. Thus, acontia of Diadumene which had been immersed 
for one minute in a 1 per cent solution of albumin in sea water responded with a 
marked local explosion to subsequent contact with a glass bead, whereas acontia 
without this pretreatment failed to do so. Cilia were found to be in normal motion 
during the immersion in the albumin solution. As to whether the albumin prepara- 
tion used (a Merck product in powder form) may have contained as impurity some 
active factor, which should be a surface-active lipoid after Pantin’s view, nothing 
can be said for the present. 

The saturated solution of ethyl stearate in sea water showed a similar sensitizing 
effect when the acontia had been exposed to it for five minutes, while a contact 
response to ethyl stearate crystals (mounted on a glass bead) failed to be observed, 
unlike the condition in Anemonia (Pantin, 1942). 
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No bile salts have so far been tested for a sensitizing effect. Synthetic surface- 
active agents such as lissapol (non-ionic) and cetyltrimethylammonium bromide 


(cation-active), when used in a sufficient dilution not to cause “‘spontaneous”’ 


explosion (see Yanagita, 1960a), appeared to possess some sensitizing capacity. 
Their effect, if any, was peculiar in that the cnidae sensitized in them responded 
to the glass bead by extrusion without explosion. 

Further examples of the materials sensitizing the “‘cnidoblasts’” towards a 
11 contact could be found among a series of substances, which, though 


rally, should have some significance as natural food for 


mechanic: 


i diluted to 20 per cent by sea water (freed from the centri- 

, sea ‘t of the skin or flesh of the jackfish and fresh egg-white 
mixed with sea water were all found to be effective sensitizers, while the coelomic 
fluid of tl ea urchin, Heliocidaris crassispina, and a sea-water extract of the 
to be without effect. Egg-white showed most remark- 

100 with sea water, and the cnidae in 

ite in sea water for less than one minute 

a slightest mechanical disturbance of the 

explosion. Secretion of 


17 

at 

saponin in a solution above a certain concentration limit were 
of provoking ‘“‘spontaneous”’ explosion from the acontia 

timulation, again in agreement with the findings by Pantin 


1 


ronia tentacles. ‘The results obtained with them as well as with a 
t] detergents will be dealt with in a separate paper 


ive series Of syntnetic ¢ 


citation experiments in chloride-poor medium 

\ll the experiments so far described were performed on the acontia immersed 
ea water or in an isotonic saline rich in chloride. As has been described, there 
usually a tendency for cnidae shooting their threads in response to cations, 
lectric current, or to contact also to show a simultaneous extrusion of the capsules 
\loreover, there were even some cnidae which were first extruded on 
stimulation, either with or without being followed by explosion. Such a 
situation led the writer to attempt the experiments described below to see whether 
scarcity in external chloride ions might affect the occurrence of explosion at the 
time of excitation. Such an attempt seemed promising, because chloride and 
certain other anions had been known to possess the effect of provoking explosion of 

isolated cnidae (Yanagita, 1959b). 

The chloride-poor solutions used in this series of experiments contained 
chloride ions in a concentration sufficient to suppress the spontaneous extrusion 
of cnidae which had been known to take place in chloride ion concentrations below 
M/40 (Yanagita, 1959c). ‘Thus, mixtures of M/2 NaCl solution (or sea water) and 
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1 M glycerine solution, from 1 : 19 to 1 : 7-5 in volume ratio, were used, which 
gave chloride ion concentrations of M/40 to M/17. 

The results of electrical as well as contact-chemical excitation of acontium in 
such a Cl-poor medium were quite definite, though there was a certain difference 
between these two cases. When a direct current of sufficient intensity was passed 
across the acontium immersed in a Cl-poor medium in the way already described, 
there was a marked response localized to the region close to the electrode. The 
response usually consisted only of capsule extrusion without accompanying 
explosion. Such change in the mode of reaction proved to be reversible, the same 
acontium showing once more the normal explosion response to electric stimulation 
on its return to the normal sea water. On the other hand, when a human hair was 
brought into contact with an acontium stretched across a pool of Cl-poor medium, 
no response could be induced at all, viz. there was neither explosion nor extrusion. 
This state was reversible too. 

The effect of chloride deficiency on the response to electric current seems to 
be accounted for by assuming that the cnida explosion is caused by the direct action 
of external Cl- on the cnidae, while the primary response of cnidae (or of ‘“‘cnido- 
blasts’’) consists exclusively of the extrusion. However, in order to explain the 
effect of Cl-poor medium upon the contact-chemical excitation by the hair, some 
additional assumption is necessary. It may be possible to suppose that the only 
change in the surface membrane of acontium (see Yanagita & Wada, 1959) induced 
by a natural mode of excitation like the present one is an increase in permeability 
and not the mechanical instabilization, which would lead to the capsule extrusion. 
Increased permeability of the surface layer might be sufficient for the external Cl 
to penetrate through the acontial surface and to act directly on the cnidae in situ. 
Such a view may be supported by the fact already mentioned that the capsules 
exploded in response to the contact-chemical stimulation may remain unextruded 
unless they are pulled by an external force. 

At any rate, if the explosion as well as the extrusion of cnidae was due to an 
intrinsic activity of ‘‘cnidoblasts” or acontial matrix triggered by the excitation, the 
response should have taken place also in the Cl-poor medium used in the present 
experiments. The present theory is further supported by the results of similar 
experiments conducted on the effects of solutions of surface-active agents and 
lipoid solvents, which also gave rise to ‘“‘misfiring”’ extrusion instead of the normal 
explosion reaction, when the solutions had been prepared with the Cl-poor 
medium. ‘This will be described in the separate papers (Yanagita, 1959c, d). 

The test for the excitatory effect of cation (e.g. K*) on the acontia under low 
external Cl- concentration had been designed in the following way. In order to 
make [K*] vary independently from [Cl-] or any explosion-active anion, K,SO, 
was used as the source of K* ions, because SO,?~ ions had been known to be 
without effect on isolated cnidae (Yanagita, 1959b). ‘Thus, M/3 K,SQ, solution 
was diluted with 1 M glycerine solution (both solutions being isotonic with sea 
water) to varying extents, and the solutions prepared in this way were mixed with 
equal volume of M/5 NaCl solution, which had been prepared by dilution of M/2 
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solution using 1 M glycerine as diluent. Such mixtures could give rise to a range 
of [K*] from 1/3 to 0 in equivalent unit, with the total osmotic pressure as well as 
[Cl-] (M/10) being kept constant throughout the series. 

The result of an excitation experiment using these mixtures was shown 
graphically in Fig. 1, as plotted with solid circles. It may be seen that the graph 
relating the amount of extrusion produced to [K*] is practically identical with that 
for the mixtures of KCl and NaCl (plotted with open circles), which has already 
been related. ‘his means that the shortage of external Cl~ ions does not affect 
appreciably the response of an acontium to K* ions, so far as the amount of extrusion 
was concerned. However, there was a difference as to the extent of explosion, 
which is not shown in the graphs; the percentage of explosion of the cnidae which 
were made to extrude by the present series of mixtures never exceeded fifty, while 
practically all of the extruded cnidae were exploded in the case of Cl-rich mixtures. 
The amount of explosion in the Cl-poor medium as given above was not necessarily 
ascribable to a factor other than the direct action of external anions, since it had 
been known elsewhere (Yanagita, 1959b) that SO,?~ ions, though being without 
effect by themselves even in a very high concentration, could efficiently synergize 
the action of Cl- ions present only in a subliminal strength. 


6. Effects of anaesthetics 

Pantin (1942) was perhaps the first to call attention to the anaesthetizability as 
an important criterion in deciding the real excitation character of a given cnida 
activity. Thus, he found that the explosion-eliciting effect of strong acids on 
Anemonia tentacles was unaffected by a pretreatment with Mg?> ions and this was 
considered as merely due to a direct action upon the cnidae. On the other hand, 
the explosion responses to K* ions, electric currents and to contact-chemical 
agents, which were abolished by the same treatment, involved an excitatory event 
on the part of living system, viz. ‘‘cnidoblast’’. 

The present writer, taking much interest in this problem, undertook anaestheti- 
zation experiments with the present material using Mg?* as well as a variety of 
organic anaesthetics. ‘There was a difficulty in using lipoid-solvent anaesthetics on 
the acontia due to their cytolytic or other surface action, which resulted some- 
times in the cnida exploding from the acontium (Yanagita, 1960b). Such 
circumstances have limited the range of anaesthetics which were used here. 

Mg?* and other ordinary anaesthetics were found to have no effect in preventing 
the discharge of isolated cnidae due to the action of extreme pH, trypsin, thio- 
glycolate, etc. Further, it could be shown that when these agents elicited the 
explosion from the acontia, it was through a direct action on the cnidae, so that no 
anaesthetics could prevent such reaction. 

It was found that the extrusion and explosion responses of cnidae in Diadumene 
acontium to about M/4 KCl (half M/2 KCI plus half sea water) were prevented 
completely by a previous immersion of the acontium in magnesium sea water 
(half M/3 MgCl, plus half sea water), in 5 per cent urethane in sea water, in 
10 per cent propyl alcohol in sea water, or in the vapour of peppermint oil. In each 
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of these cases, the acontium recovered its reactivity to K+ when it had been 
immersed in normal sea water for some length of time. The time of exposure to 
each agent necessary for the anaesthesia to be complete, as well as the time of 
subsequent immersion in sea water required for the recovery, is shown in Table 1. 


TABLE 1—ANAESTHETIZATION OF THE CNIDA RESPONSE SYSTEM TO EXCITATION BY K?*. 


(TEMP.: 27—30°C.) 


135 


Anaesthetics 


Anaesthetization time 
(min) 


Recovery time 
(In normal sea water) 
(min) 


M/6 MgCl, 

5°, urethane 

10° isopropyl] alcohol 
Peppermint oil, vapour 


455 

3-4 
20 

5 


stimulation with a human hair. 


The excitability of the cnidae in acontium by the induction shocks was reversibly 
abolished by immersion in magnesium sea water for 4-10 min. The cnidae were 
again responsive to the shocks after they had stayed in normal sea water for 2-4 min. 
This result agrees with that of Pantin (1942) in Anemonza tentacle, and differs from 
that of Parker & van Alstyne (1932), who stated that anaesthetization by MgSO, 
(25 min in 25 per cent solution) could not check the explosion from Metridium 
acontium in response to a faradic current, though it was effective in preventing a 
similar response from Physalia tentacle. 

Immersion of Diadumene acontium in magnesium sea water for 0-5-1 min was 
shown effective also in preventing its explosion response to the contact-chemical 
The effect was reversible and the acontium 
recovered its responsiveness within one minute by immersion in normal sea water. 


TABLE 2—ANAESTHETIZATION OF THE CNIDA RESPONSE SYSTEM TO CONTACT STIMULATION 
WITH PRAWN’S LEG. (TEMP.: 28—29:5°C.) 


Anaesthetics 


Anaesthetization time 
(min) 


Recovery time 
(In normal sea water) 
(min) 


M/6 MgCl, 

5% urethane 

10% isopropyl alcohol 
Peppermint oil, vapour 


vi 


A somewhat similar result was obtained as to the effect of Mg** on the response to 
a natural food object like a prawn’s leg (cut surface). Further, the contact with this 
test material failed to elicit a response after an exposure to 5 per cent urethane (in 
sea water), to 10 per cent isopropyl alcohol (in sea water), or to the vapour of 
peppermint oil. The time required for the acontium to lose and recover the 
responsiveness is shown in Table 2. 
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Some differences are to be noticed between these figures and those given in 
Table 1 (for K* response), but little significance is attached to them. 

Analogous anaesthetizing effect of Mg?* and urethane seemed to hold good 
for the contact-chemical responses of Diadumene acontium in general, since the 
results of the anaesthetization experiments on the contact responses to crystals of 
cholesterol, stearic, lauric, and myristic acids were similar to those shown in 
Table 2. 

The kinds of anaesthetics that were effective for the responses dealt with in the 
present study were similar to those which acted on the cnida extrusion (Yanagita, 
1959c). 

Lastly, anaesthetization seemed to be unable to prevent the explosion reaction 
to bile salt and lipoid solvents. These results, which are perhaps not in accord with 
the findings by Pantin in Anemonia tentacle, will be described in detail elsewhere 
(Yanagita, 1959¢c, d). 


DISCUSSION 

It was confirmed in the present study that the cnidae of acontia of Diadumene 
luciae, in situ in the living matrix of acontia, are responsive both to the effects of 
K* or NH,* ions and of electric current, besides being so to the mechanical 
stimulation by certain solid substances, and further, that a number of ordinary 
anaesthetics are effective in checking these responses. ‘This state of affairs is largely 
in agreement with that found by Pantin (1942) in Anemonia tentacle, and it 
suggests that an excitable system common in type with that of muscle or nerve 
is involved in the responses. ‘Thus, the existence of an electrically polarized 
membrane which can be depolarized and altered in some way by the concentration 
of K* ions in the exterior as well as by the passage of an electric current may be 
assumed to occur in the present system. ‘The questions now arise as to what is the 
seat of that excitable system and how is the external stimulus mediated by the 
system to the internally-situated organelle (viz. cnidae) ? 

Most of the previous authors have regarded the ‘‘cnidoblast”’ as the seat of the 
excitable system, but they did not always provide morphological evidence for such 
a cellular structure, especially in the case of tentacle or acontium of Actiniaria.* 
Though Parker & van Alstyne (1932) and Pantin (1942) had failed to find a cnidocil 
in their actinian materials, they believed that there were cnidoblasts in the cnida- 
bearing epithelium, to which they attributed the important role of initiating 
excitation which led to the explosion of the effector organelles. 

However, certain pieces of morphological evidence (Yanagita & Wada, 1959) 
indicate that the adult cnidae are not likely to be embedded in cnidoblasts, but are 
situated freely each in a vacuole-like space within the supporting cells of epithelium, 
with their distal ends separated from the exterior only by a very thin layer of 
cortical cytoplasm. If this is true, the excitable process should take place in these 

* There is some evidence for the existence of cnidoblasts among Hydrozoans, e.g. the drawings 
or photographs presented recently by Bouillon (1956-1957) for Limnocnida, by Hauenschild (1957) 
for Eleutheria, and by Chapman & Tilney (1959a, b) for Hydra. 
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ordinary (ciliated) epithelial cells which have happened to shelter the cnidae. 
Then, what can these kinds of cells do in receiving an external stimulus and 
transforming this to an intracellular agent which is effective directly on the cnidae 
in provoking the explosion ? 

Pantin (1942) characterized his ‘‘cnidoblast” as an unique tissue element, 
which, as an independent effector, “‘contains three elements of sensory, excitor 
and effector’, though he was not able to investigate the intracellular mechanism. 
Parker & van Alstyne (1932) have also proceeded no farther than the assumption 
of an intracellular formation of some acid in response to external stimulus. ‘Their 
failure to obtain an anaesthetizing effect on the cnida response to a faradic stimulus 
had made them exclude the possibility of a role played by protoplasmic con- 
tractility in Metridium acontia (though they admitted such a factor in the 
mechanism of cnida discharge in Physalia tentacles). In his extensive and close 
argument as to the ‘“‘déterminisme’’ of cnida discharge, Weill (1934) considered 
an instantaneous production of active substance in the cnidoblast as impossible. 
He seemed to be on the side of those who thought that some mechanical action 
on the cnidae made the opercula fall off, though he was sceptical of this view in the 
case of cnidae or cnidoblasts which were undifferentiated morphologically. ‘Thus, 
he wrote in conclusion ‘‘Le probleme du déterminisme normal, physiologique, de 
la décharge des nématocystes reste donc ouvert. Peut-étre pourra-t-on l’aborder 
avec quelques chances de succés en partant de phénomeénes bien établis de 
déterminisme sélectif ” 

The writer has been led to a new view of the mechanism of excitatory process 
which takes place in the living matrix for cnidae, by paying special attention to 
the actual relations of the normal explosion response to another form of cnidae 
response, viz. extrusion, which have already been emphasized in parts in the 
foregoing pages. 

The following facts may now be pointed out as indicative of the close connexion 
which exists between the two responses: 

(1) Both responses show every sign of physiologically active reactions, including 
the susceptibility to anaesthetization (see Yanagita, 1959c); 

(2) Spontaneous extrusion not accompanying explosion can be demonstrated 
typically in a salt-free medium (e.g. 1 M glycerine solution), where the extrusion- 
suppressing (Yanagita, 1959c) as well as explosion-provoking action (Yanagita, 
1959b) of anions is absent; 

(3) Explosion responses of in situ cnidae, as dealt with in the present study, are 
mostly accompanied by simultaneous occurrence of capsule extrusion, perhaps 
with the exception of certain instances of contact-chemical response; 

(4) Stimulants which elicit a normal explosion response in sea water can 
produce “misfiring” extrusion at the most from the acontium, if they are made to 
act in a chloride-poor medium. 

All these circumstances make it probable that the known excitants of cnida 
explosion from acontium are really nothing more than extrusion-inducers, and it 
is Cl- and other anions in the external medium which cause the extruded cnidae 
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to explode at once. Indeed, it is quite easy to see that whenever extrusion could 
be produced in a Cl-rich medium like sea water, the cnidae thus extruded 
would no longer be able to remain resting, but would be caused to explode promptly 
by the action of Cl- ions. It may be necessary here to add that extrusion may not 
take place in response to an excitant acting from outside, if the cnida im situ is 
only made accessible to the external Cl~ ions by an increase in permeability of the 
surface membrane of acontium. Such might be the case particularly in the contact 
response to natural food objects for the reason which has already been shown. 
The present hypothesis will be discussed in further details elsewhere (Yanagita, 
1959c). 


SUMMARY 


1. Among a number of ions studied as a component of external medium, only 
K* and NH, * ions were found effective in provoking the explosion of cnidae in the 
acontium of Diadumene liciae. The threshold concentrations for their effects were 
determined to be about M/20 and M/6, respectively. 

2. Electric current, either single induction shock or direct current, showed 
explosion-provoking effect, which was localized to the region of acontium across 
which the current was passed. 

3. Contact stimuli of certain solid substances, like the food object, human hair 
and skin, cholesterol, higher fatty acids, etc., proved to produce a similar, local 
effect, while the contact with clean glass surface was usually without effect. 
Chemical substances in solution, as food extracts, egg-white, albumin and ethyl 

e stearate, showed a sensitizing effect on the cnidae im situ toward the mechanical 
stimulus. 

4. It was found that the above kinds of stimulants could elicit only the extrusion 
of unexploded cnidae when they were made to act on the acontium in a medium 
of low Cl- concentration. 

5. Narcotizing effect of Mg and of some organic anaesthetics for the acontial 

responses was determined. 
6. A hypothesis concerning the site and mechanism of excitation resulting in 
the cnida explosion is suggested. 
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Abstract—A variety of natural and synthetic surface-active agents were tested on 
the nettling capsules (cnidae) in acontia of the sea-anemone, Diadumene luciae, and 
most proved effective in provoking violent explosion of the latter. Though many of 
them were also found to be more or less effective by themselves on the cnidae which 
had been isolated from the acontium, there were a few, e.g. saponin, which were 
effective only on the cnidae im situ and in the presence of chloride ions in the external 
medium. Such results have led the writer to conclude that the simple mechanism 
of cnida response which had previously been suggested for the more normal cases 
of nettling activity was largely operative here, too. One peculiarity might possibly 
be found in the situation that the reaction to surface-active agents was unaffected by 
anaesthetization of the acontium. 


INTRODUCTION 

‘THE most natural mode of excitation of the coelenterate cnidae was shown by 
Pantin (1942a, b) to be the one which he called “‘contact-chemical’’, and this has 
been reafhrmed by the present writer (Yanagita, 1960) on the cnidae in the 
acontia of Diadumene luciae.+ Pantin, however, found that solutions of some 
surface-active substances, like bile salts and saponin, were effective in eliciting 
‘‘spontaneous”’ (viz. non-contact) explosion of the cnidae in the tentacles of 
Anemonia sulcata, when and only when the cnidae were remaining im situ in the 
tissue. ‘This reaction was more remarkable in its infallibility and intensity than 
the former, though according to Pantin, it could never be deemed as representing 
a normal mode of nettling activity. 

It is the aim of the present study to inquire whether similar effects are to be 
found on the cnidae in Diadumene acontia, the material on which an attempt to 
obtain the complete picture of the physiological mechanism of the nettling re- 


sponse is presently being made. An extensive series of natural as well as synthetic 
surface actants has been included in the tests for their possible effects on Dia- 
dumene cnidae, with results which, though being largely in agreement with those 


* Supported in part by a Grant-in-Aid for Scientific Research from the Ministry of Education 
of Japan. 
t Pantin’s conclusion was found by Ewer (1947) to be valid for the cnidae of Hydra. 
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of Pantin (1942a, b), indicate certain differences as well as specifications of the 
subject. Further, discussion will be made concerning the significance of these 
findings for the normal mechanism of nettling response. 


MATERIALS AND METHODS 

The cnidae of the type microbasic p-mastigophores, as embedded im situ in 
the acontia of the “‘orange-striped’”’ sea-anemone, Diadumene luciae, were studied 
as in a previous paper (Yanagita, 1960). The methods for mounting the acontium 
for observation and applying the experimental solutions were also the same as 
before; the freshly cut piece (about 1 cm in length) of acontium was placed either 
in free or in a lightly stretched state, in a drop (about 0-15 ml) of sea water on a 
glass slide, and then the medium was exchanged with the experimental solution 
(including the anaesthetizing one) by means of pipettes. Occasionally, however, 
the acontium was hooked up out of sea water and brought directly into the experi- 
mental solution, particularly with the aim of eliminating the contamination of 
the solution with sea water. 

Also the isolated cnidae prepared by the extrusion method (Yanagita, 1943, 
1951, 1959b, c) were examined for their reactivity toward the same kinds of 
agents. This should serve as a criterion in deciding between the direct and the 
indirect (viz. mediated by the living matrix) modes of surface actant action 
involved in any reaction of cnidae im situ. 

The surface actants were applied to the acontium first in the form of solutions 
in sea water, as was exclusively the case in Pantin’s work (1942a, b). Where they 
were hardly soluble in sea water (Na-oleate, Na-ricinoleate and resin), 5/9 M NaCl 
solution was used as diluent. ‘The same surface actants were tested further, dis- 
solved in a chloride-poor medium, prepared specially, to exclude the action of 
external Cl~ ions intervening in the reaction observed. On the other hand, the 
effects of surface actants upon the isolated cnidae had to be studied by the use 
of a Cl-poor medium or a Cl-free one (viz. 1 M glycerine solution or distilled 
water) as diluent, because of their direct reactivity to Cl- ions as well as to many 
other anions (Yanagita, 1959b). 

All the solutions were used unbuffered, the pH being checked by indicators 
to ensure that it fell within the range which does not elicit any reaction of iso- 
lated cnidae (Yanagita & Wada, 1953). The experimental temperature also was 
uncontrolled, so that it varied rather widely (20-30°C) from one group of experi- 
ments to another. 


RESULTS 


1. The effects of surface actants in sea water on the cnidae in situ 


The kinds of the surface actants tested as solutions in sea water and their 
effects observed on the cnidae im situ are given in the columns (1) and (3) of Table 1. 
It may be seen that all of the anion-active agents, as well as the natural surface 
actants, cause the cnidae to explode from the acontium in concentrations as low 
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as 0-3-0-01 per cent. The reaction was usually very prompt and intense 
(sometimes quite exhaustive), covering the whole length of acontium, so that the 
acontium was thickly grown with the stinging threads, which had been shot out 


TABLE 1—THE EXPLOSION-PROVOKING EFFECTS OF SURFACE ACTANTS ON Diadumene CNIDAE 


Surface actants 


Molecular 
weight 


Threshold 
concentration 
for cnidae 
in situ 
(per cent) 


In sea In Cl- 
water poor 
medium 


(3) (4) 


Threshold 
concentration 
for isolated 
cnidae, 
in Cl-free 
(and in Cl-poor) 
medium 


(5) 


Saponin 

Digitalin 

Resin (plus equal weight 
of Na,PO,.12H,O) 

Na-taurocholate 
Na-glycocholate 
Na-oleate 
Na-ricinoleate 
Na-laurylsulphate' 

Anion- 
active Na-oleoylmethyltaurate 
(Igepon T)? 

Na-isopropylnaphthalene 
sulphonate (Nekal BX)? 

Na-dodecylbenzene 

sulphonate® 
Cetyltrimethylammonium 

Cation- bromide‘ 
active ) Cetylmethylpyridinium 

| bromide* 

Alykl-phenol ether of 
polyethylene glycol 
(Lissapol N)°® 

cts-9-Octadecyl ether of 
pentaethylene glycol 
(Nonion 

Octadecyl ether of hepta- 
ethylene glycol 

| (Nonion S-6)® 


Non- 
ionic 


0-06 
(<1-0) 

0-05 

0-1 


0-1 


5-0 0:5 


(slow-acting) 
0-1 
0-1 
0-001 
0-01 


0-01 


5-0 [5-0] 


— [0-5] 


1Kaé Soap Co. * General Dyestuff Corp. * Lion Oils and Fats Co. * Miyoshi Oils and Fats Co. 


51.C.1. ® Japan Oils and Fats Co. 


from the capsules. In most cases, the cnidae in this reaction had their capsular 
bodies extruded from the surface of acontium, without being detached completely 
from the latter (Fig. 1). Among such extruded cnidae, there were usually a 
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Fic. 1. The profile views of acontia at rest (1) and at successive periods of immersion, 
1 min (2) and 5 min (3), in (a) 1 per cent and (b) 0:3 per cent solutions (in sea water) of 
Na-taurocholate. The explosion of cnidae was complete within 1 min, and then followed 
by the cytolytic disintegration of acontial structure. Temperature: 27-29°C. x about 50. 
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number which had failed to explode and these remained at rest throughout the 
experiment. 

This reaction was followed sooner or later by a cytolytic disintegration of the 
surface as well as internal structure of the acontial filament. The process of dis- 
integration was sometimes very rapid, and soon little was left of the acontium 
except for a pair of longitudinal muscular bands (indicated by an arrow in Fig. 
1 (a3); see Yanagita & Wada, 1959) plus a train of exploded and unexploded 
cnidae. It is, however, noteworthy that the explosion of cnidae took place usually 
so promptly that it was complete before the first sign of cytolytic changes appeared 
on the acontium. 

The two cation-active agents listed in Table 1 showed only poor explosion- 
eliciting capacity in the medium of sea water, while they produced cytolysis as 
effectively as the anion-active agents. Extrusion of cnida bodies without being 
accompanied or followed by explosion (‘‘misfiring”’ extrusion) was rather the re- 
action characteristic of these agents at strengths above 0-1 per cent. The cnidae 
seemed to have been desensitized in some way or other against Cl~ ions so that 
they remained unexploded after being extruded into sea water. Further peculiar- 
ities of their effects will be described in Section 4, in connexion with the experi- 
ments performed under the Cl-poor condition. Furthermore, the three sorts of 
non-ionic surface actants caused little or no explosion reaction, at least in the 
concentration level of 0-1 per cent and they were also ineffective in inducing the 
cytolysis, the acontium keeping its original appearance for a long time (nearly an 
hour in strength of 0-1 per cent). 

In the latter two groups of surface actants, it was noticed that when the 
acontium had been disintegrated eventually by their cytolytic action, so as to 
leave the cnidae lying scattered in the solution, there was usually no explosion 
of such cnidae to be observed. This was again a situation requiring an explana- 
tion, since the Cl~ ions in the medium were here in a position to act directly on 
the cnidae. This point will be discussed later. Only it may be pointed out here 
that the effects of surface actants in inducing explosion of cnidae im situ are not 
associated with the disintegration of the gross tissue structure, but more likely 
to be due to some invisible change (disorganization or permeation) occurring in 
the surface of acontium. 


Three kinds of basic anilin dyes (di- and triaminotriphenylmethane colours) which are 
said to have a surface-active property, viz. malachite green, methyl violet and Hoffmann 
violet, were tested similarly on the acontia. All of them were found to cause explosion and 
extrusion of cnidae, though only in concentrations as high as 1 per cent in sea water. They 
stained the acontia deeply without showing a sign of cytolytic change in a short time. 
However, since they were shown to have a marked effect in provoking explosion of isolated 
cnidae in such a strength, their qualification for specific excitants of the normal response 
mechanism remained doubtful. 

Lower fatty acids (acetic, butyric, etc.) have been reported by Pantin (1942b) to excite 
the ‘“‘cnidoblasts’’ of Anemonia tentacle to cnida explosion in concentrations as low as 
0-1 per cent (subliminal as to induce explosion of isolated cnidae), although such a result 
could not be confirmed in the present material. 
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2. Effects of anaesthetics 

Though Pantin (1942b) has not stated explicitly that the Mg?* ions were 
effective in anaesthetizing the explosion reaction of acontium to bile salts or to 
saponin, he perhaps meant this in referring to the anaesthetizability of a similar 
reaction to the lower fatty acids, which he classified into the common category 
of chemical excitants. This point was examined on the present material, as 
follows. 

An acontium of Diadumene mounted on a slide in the way described above 
was exposed to magnesium sea water (half M/3 MgCl, plus half sea water) for 
1-5-4 min and then the medium was exchanged with 0-33 per cent solution of 
Na-taurocholate in sea water. Violent explosion was induced comparable with 
what would be obtained in an untreated acontium. When magnesium was applied 
together with taurocholate of the same strength (half M/3 MgCl, plus half 0-66 
per cent Na-taurocholate in sea water) the result was the same. 

Urethane and peppermint oil were also tested for their possible anaesthetizing 
effect on the reactivity of cnidae in situ to the bile salt. Peppermint oil was used 
as vapour, which was made to act for 5 min on the acontium in a shallow pool of 
sea water in a small, tightly covered vessel. It proved ineffective against bile salt. 
Five per cent urethane in sea water was found to have no preventive effect on 
the reaction to 0-33 per cent Na-taurocholate, either by an immersion of the 
acontium for 2-4 min prior to taurocholate, or by simultaneous administration 
with the latter. ‘he acontia immersed in 5 per cent urethane for 4 min and then 
exposed to the mixed solution of taurocholate (0-33 per cent) and urethane (5 per 
cent) failed to be affected in its susceptibility to the bile salt. 

‘These results point to non-anaesthetizability of the reactions now under 
consideration, contrary perhaps to the results obtained by Pantin (1942b) on 
Anemonia tentacle. ‘The reaction system operative toward surface actants, at least 
toward Na-taurocholate, must be different in this respect from that toward the 
contact-chemical agents, K* ions, or electric current, which is known to be blocked 
by anaesthetics such as mentioned above (Pantin, 1942b; Yanagita, 1960). It was 
thus possible that the effect observed of surface actants on the cnidae mm situ 
represented nothing more than a direct action of the agents which, by permeation 
through intact or destroyed acontial surface, attained direct access to the cnidae 
in acontium, as appeared to be the case with the effects of acids and bases. ‘To 
put such a possibility to the proof, the tests on the isolated cnidae as described in 
the following section were performed. 


3. Effects of surface actants on the isolated cnidae 

In this series of tests, the surface actant solutions in sea water were unusable, 
since sea water itself had been known to be effective on the isolated cnidae owing 
to its high Cl-.ion content (Yanagita, 1959b). Thus, the solutions were prepared 
with 1 M glycerine as diluent, or even with distilled water, because osmotic 
pressure differences have no effect on isolated cnidae (Yanagita, 1943, 1951). 
From the results obtained, the cnidae were apparently indifferent as to which 


| 
fe 
| 
Vol. | 
| 
pa 
| 
2 
| | 


PHYSIOLOGICAL MECHANISM OF NEMATOCYST RESPONSES IN SEA-ANEMONE—IV 145 


of these diluents was used. Further, sea water or M/2 NaCl solution, both diluted 
with 1 M glycerine solution to have Cl- ion concentration sufficiently low not to 
elicit the explosion (“‘chloride-poor media’’) were occasionally used as diluent, 
for the particular purpose of checking the results of the experiments to be de- 
scribed in Section 4. 

When these solutions were applied to the batches of isolated cnidae, the 
results obtained were diverse and sometimes rather perplexing, as follows. 

(1) Saponin, either dissolved in distilled water or in 1 M glycerine solution, 
gave the simplest result, in that it proved to have no effect on the isolated cnidae 
in any strength up to 5 per cent. Na-laurylsulphate solutions, on the other hand, 
were found to elicit explosion in all isolated cnidae, quite instantaneously in 
higher concentrations (above 1 per cent or M/29), and much more slowly in 
lower concentrations. ‘There was, however, practically no effect in 0-05 per cent. 
A similar situation was found with Igepon 'T, dissolved in distilled water or in 
1 M glycerine. ‘This was found to be without effect on the isolated cnidae at 
strengths below 0-1 per cent (about M/426), though being fully effective in higher 
strengths up to 5 per cent. Regarding all of these agents, it may be concluded 
safely that the reaction to be found in the cnidae im situ can hardly be due to a 
direct action of the agents on the cnidae, at least in the lower range of effective 
concentrations. 

(2) As for Na-dodecylbenzene sulphonate and Nekal BX, on the contrary, 
the possibility of such a direct action of the surface actants on the cnidae in situ 
cannot be left out, since they were found to produce by themselves one hundred 
per cent explosion of the isolated cnidae even in the lowest concentration required 
for the explosion reaction in the acontium. Thus, the threshold strength on the 
isolated cnidae were found somewhere about 0-1 per cent (M/271) for Nekal BX, 
and about 0-001 per cent (M/24300) for Na-dodecylbenzene sulphonate. A border- 
line case between the two groups of agents given in this and the foregoing para- 
graphs was offered by Na-oleate, which showed the threshold strength on the 
isolated cnidae coinciding with that on the cnidae im situ (0-1 per cent = M/305). 

(3) A particular situation was met with in the effects of the bile salts on the 
isolated cnidae. ‘Though Na-taurocholate and Na-glycocholate had no effect on 
the isolated cnidae when dissolved in distilled water or in 1 M glycerine, even 
at strength as high as 10 per cent (about M/5), both were found to make all the 
cnidae explode when they were administered at the strength of 5 per cent together 
with M/30 to M/20 NaCl in mixed solutions (Fig. 2). Since these strengths of 
NaCl were shown to be ineffective by themselves, the bile salts, or perhaps their 
anions, had to be considered to synergize the Cl~ ions in acting on the stopper 
structure of resting cnidae (see Yanagita, 1943; 1959a; Yanagita & Wada, 1953). 
Similar phenomena of anionic synergy had already been known from elsewhere 
(Yanagita, 1959b). Such a situation makes it impossible to exclude the possibility 
of a direct action of bile salts on the cnidae im situ. Indeed, it was possible that 
Cl- ions in external sea water might enter the acontial surface together with the 
bile salt to act in synergy with the latter on the cnidae situated there. This problem 
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Fic. 2. Records showing the synergy of Cl~ ions with the bile salts in inducing explosion 
of the isolated cnidae. 
(a) The number of exploded cnidae (in percentage) growing with time of immersion in 
0-01-5 per cent Na-taurocholate solutions which contain NaCl at the concentration of 
M/20. (b) Corresponding curves obtained with 5 per cent Na-taurocholate solutions 
which contain NaCl at the concentrations of M/80 to M/20. Na-taurocholate by itself 
was found effective only at the strength of 10 per cent (plotted with @). The effects 
of M/4 (+) and M/8 (x) solutions of pure NaCl have been recorded in the form of 
similar curves for the sake of comparison. The records (a) and (b) were obtained 
with the acontia from the same anemone specimen. ‘Temperature: 22:5-24-0°C. 
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(c) The number of exploded cnidae (in percentage) growing with time in immersion in 0-1-8 
per cent Na-glycocholate solutions which contain NaCl at the concentration of M/20. 
(d) Corresponding curves obtained with 5 per cent Na-glycocholate solutions which 
contain NaCl at the concentrations of M/40 to M/20. Pure Na-glycocholate was ineffec- 
tive even at 10 per cent (plotted with @). The effects of M/4 (+) and M/8 (x) solu- 
tions of pure NaCl have been recorded in the form of similar curves. The records were 
obtained with the acontia from the same anemone specimen. Temperature: 22°5-24-0°C. 
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has its connexion with another one, namely the role played by external Cl~ ions 
in the surface actant effects, and will be dealt with again in the following section. 

Bromides of cetyltrimethylammonium and of cetylmethylpyridinium, dissolved in 1 M 
glycerine solution, were also found effective on the isolated cnidae at strength above 0-01 
per cent (about M3800). The former provoked only 20 per cent explosion at the strength 
of 1 per cent, while in the latter the percentage of explosion might amount sometimes 
to one hundred, though only very slowly. In any case, however, the reaction, which was 
rather scanty in the acontium acted upon by these agents, may well be explained away on 
the basis of the direct action of agents on the cnidae. 

Of the non-ionic surface actants studied, positive effects on the isolated cnidae were 
found with Nonion 0-4 [less than half exploded in 10-5 per cent (=M/4:9-M/9-8); no 
effect in 2:5 per cent] and Nonion S-6 [all exploded in 5-0-5 per cent (= M/12—M/120)]. 
Only Lissapol N, a liquid material, had no effect even in strengths as high as from 10 to 
100 per cent (undiluted). It is probable that the effects of Nonions were due to some anionic 
ingredients which may have been contained in the preparations used as impurity. At any 
rate, the effects of 5 per cent Nonion S-6 as observable on the cnidae in situ might well 
have been due to a direct action on cnidae, though the effects of Lissapol N of higher 
concentrations should require a different explanation. 

The threshold strengths of the surface actants for their direct effect on the 
cnidae are summarized in the column (5) of ‘Table 1. When re-calculated in molar 
units, they are generally found to be far beneath the level at which many kinds 
of anions are known to be effective on the isolated cnidae (Yanagita, 1959b). 
Not the anionic moieties of the respective surface actants but some low-molecular 
salts existing as impurity might have been responsible for these effects, particularly 
in the case of Igepon 'T powder, which is claimed to contain NaCl in percentage 
as high as 65. 

From what has been described above, it may be concluded that there are 
at least some surface actants whose effect in producing explosion from the acontia 
is not explicable in terms of the direct action on the cnidae. Here, the living 
matrix surrounding individual cnidae must necessarily be responsible for the 
mediation between the action of surface actants and the internally situated cnidae. 
Also for the remainder of cases, postulation of a similar role of the living matrix 
is indeed possible, though not necessary. The reaction system concerned here 
might well be similar to that for the natural nettling response, with the possible 
exception of the insusceptibility to anaesthetics. It has been suggested elsewhere 
(Yanagita, 1959c, 1960) that the role of mediator in the more natural types of cnida 
responses might be played by Cl- ions in the external medium, which come into 
contact with the cnidae on an alteration in consistency or permeability of the 
surface structure of acontium induced by the external agents (food material, K* 
ions, electric current, etc.). ‘The experiments to be described in the following 
section were attempted to confirm the possibility of similar relations existing in 
the present type of reaction. 


4. Effects of surface actants in a chloride-poor medium on the cnidae in situ 


The chloride-poor media which were used as solvents for the surface actants 
consisted of sea water or a saline (M/2 NaCl) whose chloride content had been 
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reduced to M/12—-M/20 by diluting with 1 M glycerine solution (isotonic with 
sea water). ‘The Cl~ level of these media was still high enough to prevent the 
spontaneous extrusion of cnidae from the acontia (Yanagita, 1959c), while it was 
subliminal as to eliciting the explosion of those cnidae which came into direct 
contact with the medium (Yanagita, 1959b). 

When the acontia were exposed to the surface actants dissolved in such a 
medium, the following results were obtained (see also Table 1, column (4)). 

(1) Saponin failed to elicit explosion of cnidae im situ even in strength of 
1 per cent. Instead, a remarkable event of “‘misfiring’’ extrusion (see above) took 
place in strengths above 0-06 per cent. The result with Igepon T was some- 
what similar except that there was the explosion of cnidae as well in strengths 
of over 0-06 per cent. In Na-laurylsulphate solutions, on the other hand, there 
was no extrusion at all, the cnidae shooting out their threads just from inside 
of acontium when its strength was above 0-5 per cent. 

For this group of agents, it may be inferred that the abundance of Cl~ ions in 
the external medium is a necessary condition for their effects on the cnidae in situ at 
least in concentrations close to threshold, while the surface actants such as Igepon 
T and laurylsulphate, when applied in higher concentrations, can be effective 
by themselves, and perhaps immediately, on the cnidae. Not much significance 
seems to be attached to the fact that the threshold value obtained of the former 
has turned out a little lower than that for its effect on the isolated cnidae. 

(2) Na-dodecylbenzene sulphonate was found to produce the explosion of 
cnidae im situ in a strength as low as 0-05 per cent, in a Cl-poor diluent. Thus, 
the higher Cl- level in the medium was not only unnecessary for its effect, which 
was perhaps immediate on the cnidae, but even tended to reduce the efficacy. 
This may be due to a possible difference in surface-active properties of the solu- 
tions with and without the high salt content, since an enhanced surface-activity 
might facilitate the access of external agent to the cnidae inside through a more 
extensive alteration produced in the surface structure of acontium. Also Nekal 
BX proved to be effective on the cnidae im situ in the Cl-poor condition, though 
its threshold has not been determined. The threshold strength of Na-oleate on 
the cnidae im situ was much the same whether it was determined in Cl-rich (sea 
water) or in Cl-poor medium. This means that the effect found of its solutions 
in sea water may be due almost entirely to its immediate action on the cnidae 
situated in the acontium. 

(3) Na-taurocholate and Na-glycocholate provoked the explosion reaction 
from acontia in strengths higher than 0-5 per cent, when acting in a Cl-poor 
medium. Such results seem rather reasonable in view of the fact already 
mentioned that such a strength of bile salts is effective on the isolated cnidae, if 
NaCl is present only in a concentration of M/20 (see Fig. 2). The discrepancy 
found between the threshold for cnidae in situ in the Cl-poor medium and that in 
sea water (compare the columns (3) and (4) in Table 1) should be accounted for by 
the higher Cl- content of sea water, which would have been sufficient, even by 
itself, to evoke the explosion from the cnidae directly acted upon. 
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Somewhat singular cases were afforded by the two cation-active surface actants when 
used on the acontia in a Cl-poor diluent. Here also, the results were such that their effects 
on the cnidae in situ could be ascribed to the direct chemical action on the cnidae. How- 
ever, both were found to be more effective in eliciting the explosion in the Cl-poor condi- 
tion than in sea water (as in the case of Na-dodecylbenzene sulphonate), though the thres- 
hold strength was apparently unchanged. There were certain differences found in the 
mode of reaction between the acontia exposed to them in the Cl-rich and Cl-poor media, 
besides the difference in the amount of explosion produced. In general, the cnida reactions 
as well as the cytolytic changes took place more slowly in the latter, so that the cnidae 
began shooting their threads after a relatively longer reaction time (about 10 min in 0-1 
per cent solution). The surfaces of acontium were kept intact for a long time (about 30 
min), and this explosion was not accompanied by extrusion of individual capsules. On 
the contrary, in the solutions of comparable strength in sea water, the cnidae became 
promptly extruded in abundance without an accompanying explosion, and the acontium 
began to break down within 10 min. This seemed to be due to some difference in the 
surface-active properties of the solutions themselves (presumably associated with the 
critical micelle concentration), particularly in view of a marked difference actually found 
in the external appearance of solutions. Thus, the Cl-poor solutions of cetyltrimethyl- 
ammonium bromide and cetylmethylpyridintum bromide were homogeneously opaque, 
while the Cl-rich ones (viz. in sea water) were clear, with some suspended floccules brownish 
in colour. It is conceivable that a cytolytic disorganization of the acontial surface structure 
cannot lead successfully to the cnida explosion unless it is brought about in proper timing 
or manner. Such is all the more probable because it had been known (Yanagita, 1959b) 
that the isolated cnidae are desensitized against the anionic action by a previous exposure 
to a subliminal strength of various salts. A similar explanation may apply to the failure 
already mentioned, of the cnidae left scattered in a surface actant solution (sea water) 
after the complete disintegration of the acontium, to react to the medium. 

The results obtained with the non-ionic surface actants in a Cl-poor medium were 
diverse. Lissapol N, which had been known to have no effect on the isolated cnidae (see 
Section 3), was also found to have no effect on the cnidae in situ under the present condition, 
thus leading to a conclusion similar to that already drawn for saponin. The effectiveness 
on the cnidae in situ shown by Nonion S-6 when dissolved in a Cl-poor medium in a 
strength above 0-5 per cent is explainable as being due to a direct effect of the agent, while 
the definitely higher threshold to be found in sea water, again, requires an explanation in 
terms of surface-active efficiency. On the other hand, Nonion 0-4 was practically ineffec- 
tive on cnidae in situ in the Cl-poor as well as in the Cl-rich condition, in spite of its effec- 
tiveness (though only in a high strength) on the isolated cnidae. The cnidae here, too, 
should have been desensitized somehow before enough of the surface actant could attain 
direct access to them through the surface barrier which had been disorganized by its 
action. The marked difference found between the effects of compounds chemically so 
allied as Nonion 0-4 and Nonion S-6 may presumably be due to some accessory ingre- 
dients of the preparations used. 


The threshold data obtained in this series of tests are summarized in the column 
(4) of Table 1. Though the results are almost confusingly diverse, it may be pointed 
out that there are a number of cases (Group 1, Lissapol N, and perhaps bile salts) 
in which the postulation of external Cl- ions as the mediating factor in the response 
is inevitable. In the remaining cases, the direct reactivity of the cnidae to the 
surface actants used may have masked this effect. It would be essential in any 
future inquiry into the present subject to use a surface actant (such as saponin) 
which is quite ineffective on the isolated cnidae even in presence of Cl- ions. 
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DISCUSSION 

Pantin (1942a) has reported briefly that the effects of surface-active substances 
in eliciting explosion of cnidae in Anemonia tentacles were highly selective. He 
stated that whereas the salts of bile acids (as well as saponin) produce nematocyst 
discharge at low concentrations, many other capillary-active compounds such as 
the sulphate, amine or carboxylic salts of long-chain aliphatic substances cause 
no obvious spontaneous discharge, even in concentrations sufficient to cause 
rapid cytolysis. As has been described in Section 1 of the present paper, the 
situation is somewhat different in Diadumene acontia, since all the anion-active 
surface actants studied, including carboxylic salts and one sulphate, caused obvious 
explosion reaction when acting in sea water. For the most of these agents, however, 
it has already been stated that the effects observed were more likely to be due 
to their immediate action on the cnidae in the tissue, without involving a particular 
excitable system located somewhere in the living matrix. 

On the contrary, existence of such an excitable system should really be postu- 
lated in the cases of the reaction to certain kinds of synthetic detergents (Igepon T 
and Na-laurylsulphate) as well as to saponin, since a low concentration which is 
ineffective on the isolated cnidae is found to elicit explosion of the cnidae in situ. 
The experiments by the use of Cl-poor media described in Section 4 have sug- 
gested that the excitable system concerned may be a simple one similar to that 
already suggested for the normal types of responses to food, K* ions and electric 
current (Yanagita, 1960). According to this view, the thin surface membrane 
of the acontium separating the distal ends of cnidae from the exterior becomes 
disorganized by the surface actant action, as well as by the other stimulants, with 
the result that its mechanical stability is decreased (extrusion of cnida bodies) or 
its ionic permeability is increased, so as to allow the Cl~ ions in the exterior 
to come into contact with the cnidae. In this connexion, it may be mentioned 
that the breakdown of the gross structure of acontium due to the cytolytic influ- 
ence seems to have little to do with the mechanism of response. In fact, the 
cnidae which come to be exposed directly to the external agents (CI~ ions, or the 
surface actant itself) after such disintegration are usually found to remain at rest 
in those media which would have provoked explosion in isolated cnidae prepared 
freshly by the extrusion method. 

Na-taurocholate and Na-glycocholate constitute a particular category of cases, 
in that they can be effective immediately on the cnidae in a relatively low concen- 
tration, when they are synergized by Cl ions. Also in these cases, however, it is 
obvious that Cl~ ions in the exterior would have been unable to have access to 
the cnidae to exert that synergy, if the acontial membrane had not previously 
been affected by the bile salt in either of the manners mentioned above. In this 
sense, the excitable system in question may be said to be working here, too. On 
the other hand, it was found that the anaesthetics have failed to check the reaction 
to the surface actant such as Na-taurocholate (Section 2). It would be necessary 
to repeat similar anaesthetization experiments with further kinds of surface 
actants, before the conclusion can be drawn definitively that the reaction system 
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toward surface actants is different from that of the more natural kinds of stimuli 
since it is insusceptible to anaesthetics. 

Yamamoto (1944, 1945) has found that the unfertilized eggs of the freshwater 
teleost, Oryzias, and of the brook lamprey were activated by immersion for several 
minutes in solutions (0-01—-1 per cent in Ringer’s solution) of various surface 
actants, both natural and synthetic, as successfully as by electric current, mechan- 
ical pricking, etc. The results obtained by this author are interesting in many 
ways in relation to the present findings on the activation of cnidae, the more 
because he has been able to analyse the whole process of egg activation (viz., 
induction of the cortical changes) into a sequence of the component events (Yama- 
moto, 1958). ‘Thus, he shows that all the activating agents are effective merely 
in producing some latent change in the cell surface, which can initiate the “‘fertil- 
ization wave”’ only on contact with the Ca?* ions in the external medium (Yama- 
moto, 1954). ‘The view put forth by the present writer as to the mechanism of 
cnida responses involves somewhat analogous relations, in that it assumes that the 
immediate effect of excitants consists in certain surface changes on the acontium, 
which lead to actual explosion only in the presence of external Cl- ions. 

The failure of a purely mechanical prick to induce an obvious response in 
the case of the cnida-bearing tissues (see Yanagita, 1960) may well be ascribed 
to the absence of propagation of excitatory disturbance already known in the 
systems concerned (Parker & van Alstyne, 1932; Pantin, 1942b; Yanagita, 1960). 
Under such a condition it is rather to be expected that a minute puncture in the 
surface membrane of acontium (or of tentacle) may result at the most in extrusion 
(followed by explosion when in sea water) of a limited number of cnidae such as 
have happened to lie in close vicinity. On the other hand, it would be of interest 
to see whether a “‘contact-chemical” stimulation with some lipid material may 
be effective also for the activation of fish eggs. 

According to Yamamoto (1949), the anaesthesia with phenylurethane or 
chloretone checks completely the activation of Oryzias eggs by 0-1 per cent 
saponin. In this respect, these eggs are different from the sea urchin eggs, on 
which, again, certain surface-active agents have been reported by Sugiyama 
(1950, 1951, 1953, 1956) to induce the cortical changes. Thus, Sugiyama (1956) 
showed that the efficacy of these agents was unaffected by the treatment of eggs 
with urethane, unlike that of the natural activators like spermatozoa, butyric acid, 
urea, etc. From this, as well as from other lines of evidence, Sugiyama (1958) has 
concluded that the surface actants acted directly on the cortical granules of the 
sea urchin eggs to cause their breakdown, without passing through the preceding 
stages of the excitatory process (including the fertilization wave, which 1s 
susceptible to the anaesthesia). Now, it is possible that the reaction system 
of cnidae somehow resembles in its make-up the sea urchin type of egg activation 
mechanism particularly in view of the anaesthetic effect. At any rate, it will be 
of interest to inquire into the extent to which those schemes, which have been 
established for the activation reaction of eggs, may be adapted for the nettling 


responses. 
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SUMMARY 


1. A number of natural and synthetic surface-active substances were tested 
on the nematocysts in acontia of Diadumene luciae for their effects in inducing 
explosion. 

2. Saponin, digitalin, resin, bile salts, as well as all the anion-active synthetic 
surface actants in relatively low concentrations in sea water were found to pro- 
duce more or less pronounced explosion reaction from the acontia. A similar 
effect was absent or inconsiderable in the non-ionic and cation-active surface 
actants. 

3. Since saponin was without effect on the isolated cnidae, and elicited only 
‘‘misfiring’”’ extrusion of the cnidae in situ when the medium was poor in Cl- ions, 
its effect on the acontia in sea water was supposed to be an indirect one mediated 
by the living matrix surrounding individual cnidae and, moreover, by the Cl~ ions 
in the external medium. ‘The same system of response appeared to be operative 
also in the cases of Igepon ‘I’, Na-laurylsulphate, and presumably of the bile 
salts. ‘Che responses to a bile salt, however, could not be prevented by ordinary 
procedures of anaesthetization. 

4. Most of the other surface actants studied were found to be effective also 
on the isolated cnidae, so that the existence of an indirect mechanism of response 
could not be demonstrated. 

5. The results obtained were discussed, particularly in connexion with the 
writer’s hypothesis concerning the mechanism of normal nettling response. 
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Abstract—An investigation into the sensitivity of the body wall of earthworms 
(Lumbricus terrestris and Allolobophora longa) reveals that there are certain regional 
differences. The entire body surface of the earthworm is sensitive to the addition 
of sodium chloride solutions, and to touch stimulation. Adaptation to touch is rapid, 
but to salt is slow. The prostomial region is sensitive to these stimuli and also to 
sucrose, glycerol and quinine. These regional differences, it is suggested, are reflec- 
tions of the requirements of the animal to appreciate changing environmental con- 
ditions, and the localization of food selection. 


INTRODUCTION 


THE distribution and food preferences of earthworms have been attributed to 
various factors, among them the chemical properties of the soil or food, such as 
pH, salinity, calcium content, protein content and the presence of sugars and 
alkaloids. In only a few cases, however, have earthworms been shown capable 
of distinguishing these properties. 

Mangold (1951, 1953) found by behaviour experiments that earthworms 
differentiate between alkaloids, sugars and acids, as well as leaves of different 
tree species and the state of their decomposition. This work was supported by 
Wittich (1953) who demonstrated that certain leaves were selectively eaten by 
earthworms, and that changes in preferences for certain leaves could be cor- 
related with changes in the chemical constitution of leaves due to decomposition. 

Population studies by Bodenheimer (1933), Jefferson (1956) and Satchell 
(1956) have confirmed in detail what has long been known qualitatively, namely 
that certain soil conditions usually associated with poor plant growth are inimical 
to earthworms and do not support colonies of them. These soil conditions may 
act slowly by gradual starvation in the absence of calcium (Jefferson, 1956) or 
rapidly by stimulation of the sensory mechanisms of the body wall. Chemo- 
reception therefore is involved in at least two important aspects of earthworm 
behaviour; the detection and sampling of food prior to its acceptance or rejection 
and the determination of the suitability of particular sites as habitats. It may 
also play a part in the mating process. 
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The neurophysiological basis of chemoreception in earthworms has been 
little studied. It has been known for many years that sense organs of varied 
types, including free nerve endings, are present in great abundance in the epidermal 
layers of the earthworm body wall (Langdon, 1895; Smallwood, 1926), and that 
there are regional differences in the concentrations of such organs, more being found 
in the prostomium and tail than in the mid region of the body. It has remained 
uncertain, however, whether these organs are capable of distinguishing stimuli, and 
whether certain parts of the earthworm body are more sensitive or selective in 
their response. Hodgson (1955) stated that “detailed histological work by Langdon 
(1895) revealed cells in the skin of Lumbricus which had their outer ends elongated 
into fine hairs, and the basal ends consisting of fine fibres. As is often true, 
experimental verification of the presumed chemosensory function is lacking’. 
With these points in mind an investigation into the neurophysiological 
properties of the sensory system of two species of earthworms was carried out. 
This paper reports results of work on the sensory responses to touch, sodium 
chloride, sucrose, glycerol and quinine. 


METHOD AND MATERIALS 


Lumbricus terrestris and Allolobophora longa were dug from garden soil in 
Grange-over-Sands, Lancashire. They were kept, until required for experi- 
mental work, in nylon mesh bags containing a mixture of soil and dung. 

Nerve action potentials were recorded from the segmental and, in a few cases, 
the prostomial nerves. ‘The electrodes were of platinum wire 0-001 in. in diameter 
sealed into glass tubes which were mounted in a micromanipulator. The elec- 
trodes were connected via mercury seals to copper coaxial cable, thence to a Leak 
Varislope III preamplifier, a TL 12 amplifier and to a Cossor 1049 oscilloscope. 
Signals were also recorded on a Ferrograph tape recorder for later analysis. 

‘To record from the nervous system the animal was opened along the mid- 
dorsal line, the gut removed and the body wall flaps reflected. The body wall 
flaps were so arranged that solutions could be run against the exterior surface 
without impinging upon the internal surface in any way. Coelomic fluid and 
blood were removed by means of filter paper wicks, and the body cavity was 
then usually filled with liquid paraffin. This fulfilled the triple purpose of sealing 
the preparation from the drying influence of the atmosphere; of rendering the 
nerves more easily visible; and of preventing excessive seepage of coelomic fluid 
back into the experimental region. ‘The live electrode was placed under the 
segmental nerve to be examined by means of a micromanipulator, and the in- 
different electrode was placed elsewhere through a small incision in the body wall. 

‘The nerves were allowed to remain in continuity with the body wall peri- 
pherally and with the ventral nerve cord centrally. In some experiments the 
segmental nerves were subdivided into small bundles by teasing with a fine 
needle. Prostomial nerves were not treated in this way; the prostomium being 
too mobile to allow fine nerve strands to remain unbroken. Segmental nerves 
used were those anterior to the clitellum. 
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Fic. 1. The response of a touch receptor in L. terrestris to three levels of stimulation, 
lightest at the top and heaviest at the bottom. Note first and last single spikes indicating 
the on-off response. 
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Fic. 2. A prolonged rhythmic discharge in a segmental nerve following tactile stimulation 


(L. terrestris). 
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Preparations made in this way remained active for up to three hours. Solu- 
tions were added to the external surface and responses recorded. It was usually 
found advisable to wash the external surface with distilled water after application 
of test substances, and then to allow a minute to elapse before repeating the 
experiment. No differences have been observed in the sensitivity of active or 
aestivating worms. 

The chemicals used were all ‘“Analar’’ grade except quinine hydrochloride. 
L. terrestris and A. longa both show similar responses and the results given below 
apply equally well to each species. 

RESULTS 
(a) Tactile stimulation 

Prosser (1934) showed that nervous impulses occurred within the segmental 
nerves of the earthworm in response to running a glass needle over the body 
surface. This could be shown to be a localized sensation and each segmental 
nerve innervated a discrete area on the surface of the segment in which it origin- 
ated, and also a small region in the preceding and succeeding segments. 

Light tactile stimulation with a fine-pointed needle gives rise to a burst of 
action potentials within the segmental nerve. The localization described by 
Prosser has been confirmed in the present experiments, impulses being recorded 
in a segmental nerve in response to stimulation of the segments of origin and the 
segments anterior and posterior to it. 

These impulses have a frequency ranging from 30-85 per sec. Adaptation is 
swift, volleys rarely lasting longer than 0-5 sec, even in response to the heaviest 
continual stimulation. Fig. 1 shows the activity of a segmental nerve in response 
to three grades of pressure, viz. a light touch (1a), a firm touch (1b) and a heavy 
prod (1c). In all cases the pattern is similar; a single impulse brought on by the 
initial impact of the needle, is followed by a sharp volley, the number of potentials 
and their duration depending on the strength of the stimulus. This volley ceases, 
even though pressure is maintained, and then a short while later there is a further 
single impulse which occurs when the stimulus is removed. In other examples 
of this type of experiment a further volley of potentials has been seen when the 
needle was removed. An “on-off” response, analogous with that of light receptors 
is thus exhibited. 

In the prostomial nerve patterns of response similar to those of segmental 
nerves have been seen. Very few spikes (6-10) are produced here before the head 
is withdrawn and the impulses cease. 

In a small number of cases (four out of approximately thirty) a secondary set 
of potentials has been observed to occur after cessation of the initial tactile stimulus 
just described. Following the initial burst of potentials in response to tactile 
stimulation another series of impulses started and continued for many seconds 
(Fig. 2). It is uncertain whether this is a direct muscle response to touch or 
whether pressure stimulates some other mechanism, such as a stretch receptor 
or proprioceptor. 
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(b) Distilled water 

In view of the observations of Zotterman (1956) on the various effects of water 
applied to the tongue of mammals, experiments involving the application of 
water to the body surface of worms were carried out. In the majority of cases 
there was no response of any sort. In a few experiments, however, it was noted 
that the spontaneous activity of the segmental nerves was slightly diminished 
for a short time and then returned to its former level. In no case did a burst of 
potentials arise because of the application of water. 


(c) Sodium chloride 


Solutions of sodium chloride were prepared with concentrations between 
0-001 M and 1 M. By means of a teat pipette these solutions were allowed to 
run gently against the body wall of the earthworm. Touch receptors were not 
stimulated if this operation was carried out carefully. 

Both Lumbricus and Allolobophora show similar responses to salt. Fig. 3 
is a record taken from a complete segmental nerve of L. terrestris in response 
to 0-3 M (Fig. 3a), 0-4 M (3b), 0-5 M (3c) and 1 M NaCl (3d). There is a very 
short latent period, the activity in the nerve appearing as soon as the solution 
touches the surface of the body. A large number of fibres become active and 
adaptation is slow, particularly when high concentrations of NaCl are used. In 
the case of 1 M NaCl, nervous impulses were still seen 5 min after the application 
of the test substance. 

There is no morphological distinction between the various fibres of the 
segmental nerves enabling them to be selectively dissected; but experiments 
have been carried out using nerves which have been pared down to thin strands. 
In a few cases this has isolated one or two salt sensitive fibres and Fig. 4 shows 
the activity of such a unit. Distilled water, 0-001 M and 0-01 M NaCl all had 
no effect on this fibre, 0-1 M NaCl elicited a threshold response of a few infrequent 
potentials. ‘he application of 0-2 M, 0-5 M and 1 M NaCl caused the fibre to 
discharge more frequently; 6 impulses in the first 15 sec at 0-1 M, 11/15 sec at 
0-2, 44/15 sec at 0-5 M and 55/15 sec at 1 M. 

At low concentrations the impulses cease after relatively short periods but 0-5 
and 1 M NaCl cause prolonged discharges. Fig. 4 (d) was taken 25 sec after 4 (c) 
which shows the response to 0-5 M NaCl. The frequency has risen still further 
from 44/15 sec to 82/15 sec; a second cell, giving a slightly smaller potential and 
firing at a low frequency, is also present. In Fig. 4 (f), taken 25 sec after 4 (e), 
the frequency due to 1 M NaCl has risen to 116/15 sec from 55/15 sec: the small 
potential is also firing more frequently. 

These units were not induced to fire by any other type of chemical or physical 
stimulation tried (i.e. touch, sucrose, glycerol, water, or quinine hydrochloride), 
and thus seem to be specifically sensitive to sodium chloride. 

The prostomial nerves do not show greater sensitivity than segmental nerves 
to salt, the threshold being 0-1 M NaCl. 
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(d) Sucrose, glucose and glycerol 
Solutions of sucrose and glucose (0-01—1 M) and 100 per cent glycerol were used. 
‘These ‘“‘sweet’’ tasting substances were placed on the body surface in the same 


way as described for salt solutions. 
Prosser (1934) remarked that he was unable to discern segmental nerve im- 
pulses in response to the addition of sucrose to the body wall. This observation 


has been confirmed. No fibres responding to sucrose, glucose or glycerol have 
been found in any segmental nerve. 

Prostomial preparations on the other hand gave definite discharges of poten- 
tials when sweet materials were placed on the prostomium. ‘These potentials 
were of low frequency and generally confined to one or two fibres. Fig. 5 indicates 
a single fibre firing after the addition of glycerol; the frequency rising from 1/sec 
to 4/sec after 20 sec. Potentials were apparent for 45 sec in all. Sucrose (1 M) 
also elicited impulses in the prostomium, although it is not clear whether sucrose 
activated the same fibre as glycerol. The frequency of the sucrose-induced dis- 
charge was always lower than that caused by glycerol (Fig. 6). 

Glucose (1 M), shown by Mangold (1953) to be attractive to earthworms, was 
not found to affect the nervous activity of the prostomium. 


(e) Quinine hydrochloride 

Quinine hydrochloride was used in these experiments because of its greater 
solubility over quinine. 

The segmental nerves were inert to quinine hydrochloride, in concentrations 
between 10-°-10-! M. Prostomial nerves responded to quinine HCI and showed 
threshold activity at 10-> M (Fig. 7). More commonly the threshold value, at 
10>! M, was ten times less than this. Adaptation to this bitter alkaloid is faster 
than is the case with sweet and salt stimuli. Observation of the animal shows 
that withdrawal of the prostomium is immediate upon addition of 10~' M quinine 


HCl. 


DISCUSSION 

In recent years electrophysiological recordings of the nervous activity associ- 
ated with chemoreception have been obtained from a variety of animals. ‘These 
studies have been almost exclusively confined to two groups; the arthropods, 
e.g. Limulus (Barber, 1956), Periplaneta (Roys, 1958) and Phormia (Hodgson & 
Roeder, 1956; Wolbarsht & Dethier, 1958), and the mammals, e.g. rat, cat, dog 
and rabbit (Pfaffmann, 1955; Andersson et al., 1950). 

The earthworm is the first soil-living animal to be investigated in this way. 
Surrounded on all sides by a solid medium that may vary greatly in its composi- 
tion over short distances, the earthworm must rely to a considerable extent upon 
chemoreception for information regarding the environment. 

The body surface of the earthworm is well provided with sense organs 
(Langdon, 1895) and free nerve endings (Smallwood, 1926), and the segmental 
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nerves have been shown to conduct impulses in response to touch, salt and acid 
(Prosser, 1934; Laverack, 1960) over the whole body surface. 

The sensitivity of earthworm sense organs can be compared with that of the 
isolated nerve cord of the cockroach (Roys, 1958). ‘The cockroach nerve cell 
responds to sucrose at 0-1—0-6 M, to NaCl at0-1 M and to quinine at 10~-*—6 x 10-°M. 
These values are of the same order as for earthworms (thresholds at 0-1 M NaCl, 
1 M sucrose and 10-> M quinine hydrochloride) and it is suggested that the free 
nerve endings in the body wall described by Smallwood (1926) as well as the 
anatomically specialized sense organs are involved in chemoreception. 

The response of individual nerve fibres to stimulation is somewhat variable. 
Fishman (1957) described five types of activity exhibited by single fibres in the 
chorda tympani of the rat. Of these groups three were observed in earthworm 
segmental nerves; namely, a rapid initial burst followed by decrement to a steady 
state (e.g. Fig. 3), a gradual increase from time of stimulation to a maximum 
followed by a gradual decline (e.g. Fig. 4), and rhythmic bursts of impulses with 
a fairly constant time interval between bursts. It has not been possible to correlate 
the type of response with particular types of stimulation. 

Mangold (1953) showed that earthworms were able to distinguish between 
certain chemical substances, e.g. malic, oxalic and phosphoric acids, glucose and 
saccharose, and quinine. Earthworms would not accept gelatine-covered pine 
needles containing quinine or acids above certain concentrations, but would feed 
on gelatine containing sugars. ‘The present work has shown that in contrast to 
the universal sensitivity of the earthworm body wall to salt and touch, the response 
to sugars and alkaloids is restricted to the prostomium, the organ most used in 
the detection of foodstuffs. ‘The part played by sugars, particularly sucrose, in 
the attraction of foodstuffs for animals has been shown by Dethier & Arab (1958) 
and Wolbarsht & Dethier (1958) in work on chemoreception in Phormia. 'The 
protraction-retraction response of the proboscis of this blowfly depends upon the 
relation of sugar to acid content of solutions applied to the tarsal receptors. 
Alkaloids have been shown to be repellent (Fraenkel, 1959) to the beetle Leptino- 
tarsa decemlineata which possesses tarsal hairs sensitive to solanin and tomatin 
from potato plants (Stiirckow, 1959). The nature of the substance attracting the 
beetle to feed on the plant is as yet unknown (Fraenkel, 1959). 

It is known in Limulus, however, that the four basic taste parameters of acid, 
salt, bitter and sweet are relatively ineffective in stimulating chemoreceptors. 
This may be a reflection of the comparative stability of the marine environment 
in which the animal lives. Great stimulation of chemoreceptors is caused, how- 
ever, by extracts of marine lamellibranchs such as Venus and Mya, which com- 
prise much of the food of the king crab. Evidently some substances other than 
sugars, alkaloids and salts are released into the sea water by injured bivalves and 
attract Limulus. ‘The identity of such substances is at present unknown. Wittich 
(1953) has suggested that although earthworms are known to accept sugars and 
that selective feeding on certain leaf types occurs, which can be related to the 
sugar content, nonetheless leaves containing large amounts of protein and little 
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sugar are also eaten. It seems therefore that natural compounds other than sugars 
may be responsible for the attraction of earthworms. The effects of leaf extracts, 
and simple materials such as amino acids remain to be examined. 


SUMMARY 

1. The sensory impulses arising in the segmental nerves of Lumbricus terrestris 
and Allolobophora longa in response to various stimuli have been described. 

2. ‘Tactile stimulation of the body wall provoked bursts of action potentials; 
the number and duration of which were dependent upon the strength of the 
stimulus. Discrete discharges marked the beginning and end of stimulation; an 
“on-off” discharge. 

3. The threshold to sodium chloride was 10-1! M. 

4. Tactile and salt stimuli were perceived over the entire body surface. 

5. Only the prostomium was capable of detecting sweet-tasting substances 
(sucrose and glycerol) and quinine (10~° M). 

6. These regional differences in sensitivity may be related to the requirements 
of the animal in appreciating differences in environmental and food conditions. 

7. It is suggested that free nerve endings known to abound in the body wall, as 
well as the discrete sense-organs of the body wall, may be capable of chemoreception. 
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CARDIAC RESPONSES OF ALLIGATOR MISSISSIPPIENSIS 
TO DIVING 


C. G. WILBER* 
Department of Biology, Loyola College, Baltimore, Maryland 


(Received 9 December 1959) 


Abstract— Alligators subjected to a simulated dive show a profound bradycardia. The 
heart rate returns to normal within 3 sec after returning to the surface. The onset of 
bradycardia is evident 4-3 +0-98 min after submersion. The lowest heart rate observed 
during a dive was 1 beat per min. The P-R interval was unchanged. The alligator 
thus responds to diving in the same way as do the seal, duck and certain snakes and 


lizards. 


Mopbern birds and Crocodilia, to which the alligator belongs, have arisen from 
the same reptilian stock. Mammals are also reptilian in origin. Moreover, the 
Crocodilia are the most primitive reptiles with a four-chambered heart. One 
suspects that there may be interesting physiological similarities among, and 
adaptations shared by, the birds, Crocodilia, and mammals. 

Some reptiles show a pronounced bradycardia when exposed to a simulated 
dive (Johansen, 1959). Similar responses to diving have been reported for seals 
(Grinnell et al., 1942) and birds (Johansen & Krog, 1959). How does the alligator, 
ordinarily thought of as amphibious, respond to a simulated dive ? 

In order to study this problem, three alligators which were kept in our laboratory 
for the past 6 years were studied in twelve experiments. ‘The beasts measured, in 
overall length, 80, 85 and 91 cm respectively. One was identified at necropsy as 
a female; the others were not identified as to sex. The animals were strapped, in 
turn, to a plastic board which restrained the beast but permitted free movement of 
head and limbs. Stainless steel pins, connected through the patient cable to a 
direct writing electrocardiograph, were used as electrodes to register heart rate. 
The needles were inserted into the limb muscles; one was also inserted into the 
muscles of the ventral body wall midway between the fore and hind limbs. Lead 
2 or V was used throughout. 

Control tracings were taken with the animal on the restraining board held above 
the surface of the water. The alligator was submerged and recording of the heart 
rate continued at 30 sec intervals, or when the animal struggled to come to the 
surface. 

Fig. 1 illustrates the results of a typical experiment. It is clear that the 
alligator shows profound bradycardia during a dive. In no experiment did this 
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response fail to occur. The time of onset of bradycardia after submersion varied; 
the mean was 4:3 + 0-98 min. There was a suggestion that repeated dives delayed 


is 
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Fic. 1. Effect of simulated dive on heart rate in beats per minute in Alligator misstssippiensts. 
Animal submerged at zero time. Arrow indicates time at which alligator was returned to 
surface of water. Water, air and colonic temperatures 25°C. Each point is the average heart 
rate from a 10-sec strip of the electrocardiogram. 


the onset. ‘The mean control heart rate was 38-3 + 0-98 beats per min. ‘The 
mean minimum rate was 6-3 + 2 beats per min. In no experiment was cardiac 
standstill observed. 

When the submerged alligator was returned to the surface, the heart rate rose 
to the control level in no more than 3 sec. Despite variations in the time of onset 
of bradycardia, return to normal was always rapid and with no measurable over- 
shoot or oscillation of rate. 

The P-R interval of the controls was 0-36 sec and remained virtually unchanged 
during and after the dive. ‘The change in heart rate was essentially the result of 
decreased frequency of each cardiac complex. Individual parts of each beat were 
not measurably changed. 

Normal values for the electrocardiogram of the crocodile (Davies et al., 1951), 
alligator (Blackford, 1956; Wilber, 1955), and for the latter exposed to elevated 
temperatures agree with the present results. It is of interest to note that certain 
fish, if removed from the water, show a marked bradycardia (Serfaty & Reynaud, 
1957). 

Simulated dives by mammals, birds or reptiles, and removal of fish from the 
water all result in a decreased oxygen and an increased carbon dioxide tension in 
the blood. It is reasonable to suggest that the mechanisms involved are the same 
throughout the vertebrates, and that the bradycardia in all these groups is an 
essential part of the protective pattern which has survival value. 

Data on the modification of this response by drugs will be published else- 
where. 
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HORMONES AND SUGAR PENETRATION IN 
SKELETAL MUSCLE 
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Department of Biological Sciences, Purdue University, Lafayette, Indiana 
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Abstract—Hormonal effects on D-xylose penetration in the uncut rat diaphragm 
were compared with those in the uncut frog peroneus muscle. The in vitro influence of 
certain hormones on Na*, K* and glycogen content of frog muscle is described. 
Parenteral administration of testosterone, desoxycorticosterone, relaxin, and A4-chole- 
stenone produced a significant increase in the subsequent in vitro xylose distribution in 
the rat diaphragm muscle cell. Estradiol and growth hormone were less effective in this 
regard and thyronine was completely without effect. A frog muscle preparation which 
retains its properties of contractility as well as Na* and sugar exclusion for 11 days in 
vitro is described. The direct action of triiodothyronine, to bring about an increased 
xylose penetration and a concomitant loss of K* and glycogen but no change in Na* 
distribution, was demonstrated using the frog muscle preparation. These effects of 
triiodothyronine appear specific since thyronine exhibited no such actions. Cortisol 
was without direct effect upon xylose distribution, Na*, K* and glycogen content of frog 
muscle. DOC exhibited a direct effect on Na* retention of the frog muscle cell although 
no influence on K* or glycogen content was demonstrable. Insulin increased the xylose 
distribution with similar facility at 3°C and 23°C; thus, the insulin effect on sugar 
penetration exhibited no temperature dependency in frog muscle. The capability of 
insulin to augment sugar penetration under conditions wherein no effect on net 
glycogen could be demonstrated in the presence of glucose is presented. 

The implications of these results are discussed and certain questions are raised 
regarding the expression of hormone action. 


INTRODUCTION 


IN view of the well-established effect of insulin on sugar penetration, the question 
of other hormones being involved in the intracellular distribution of sugar is 
raised. Previous studies in this laboratory using the uncut rat diaphragm prepara- 
tion of Kipnis & Cori (1957) have shown an increase in D-xylose penetration 
following parenteral administration of triiodothyronine (TIT) or cortisol (Norman 
& Hiestand, 1959). The present work, which employs the uncut rat diaphragm 
preparation and an amphibian muscle preparation, is an attempt to determine the 
specificity of these hormonal effects by an examination of the action of a variety of 
other hormones as well as certain chemically related compounds. 

The rat diaphragm preparation has been used extensively for in vitro studies of 
hormonal action. A distinct disadvantage in the use of this preparation for such 
studies is that the period of latency preceding the onset of action of many hormones 
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exceeds the survival time of the tissue. In order to overcome this limitation, 
amphibian muscle was employed under conditions whereby the structural and 
functional integrity of the tissue could be maintained for extended periods. Since 
the passage of sugar into the interior regions of a cell may be associated with ionic 
shifts, the distribution of Na* and K* in these tissues was examined. It was of 
further interest to measure the glycogen content of the surviving amphibian muscle 
in order, first, to learn whether any of the hormones studied influence this energy 
substrate directly in muscle tissue, and second, to estimate the energy reserves 
remaining at the end of any designated period of time. 


MATERIALS AND METHODS 

‘The uncut rat diaphragm preparation used was described previously (Norman 
et al., 1959), as was the incubation medium employed (Norman & Hiestand, 1959). 
p-xylose was determined according to the method of Roe & Rice (1948) and sucrose 
was measured by the ketose procedure of Schreiner (1950). The materials 
administered parenterally and the doses employed were as follows: ‘Testosterone, 
0-5 mg/day; desoxycorticosterone (DOC), 1 mg/day; A4-cholestenone, 2 mg/day; 
growth hormone (Antuitrin), 4 rat growth units/day; dl-thyronine, 300 yg/day; 
estradiol, 200 «g/day; and relaxin, 200 »g/day. All steroid materials were suspended 
in 1 per cent Tween 80. Control animals were given daily injections of the 
appropriate carrier. Adrenalectomized animals were maintained on 0-9 per cent 
saline drinking water and were used seven days post surgery. Incubations were 
carried out at 38°C with shaking (120 cycles/min) for 1 hr, since equilibration in the 
available water space occurs in this time. All rats used were of the Harvard 
Wistar strain. 

‘The amphibian muscles studied were the peroneus and gastrocnemius of Rana 
pipiens. ‘The preparation of the tissue was carried out in the following manner: 
After pithing of the frog, both hind legs were removed by cutting just posterior to 
the articulation of the femur and acetabulum of the pelvic girdle. Skin was peeled 
away from the muscle as far down as the metatarsals and then a second cut through 
the bone just proximal to the metatarsals was made and the distal stub consisting 
of skin, metatarsals, and digits was discarded. ‘Two frog legs were thus obtained 
having all the muscles surrounding the tibio-fibula completely intact and uncut. 
Each leg was then placed into a separate 125 ml flask containing 50 ml of incubation 


medium previously chilled to 3°C. In this way each animal serves as its own control 


since one leg is incubated in medium containing hormone, the other in standard 
medium. ‘lhe composition of the medium used for frog muscle studies was as 
follows: NaCl, 111-3 mM; KCl, 1-88 mM; CaCl,.2H, O, 1-07 mM; NaHCO,, 
2-38 mM; NaH,PO,, 0-08 mM; p-xylose, 4 mg/ml; and glucose at 0-4 mg/ml. In 
those experiments wherein the sucrose space was determined, sucrose was added 
to the medium at a concentration of 10 mg/ml with an appropriate deletion of 
sodium chloride to maintain osmotic equilibrium. ‘Triiodothyronine (TIT) was 
dissolved in 0-13 N-NaQOH, diluted with buffer, and added to the medium at a 
final concentration of 0-166 ug/ml. Thyronine was handled similarly and used at 
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the same concentration as TIT. DOC and cortisol were used as a 20 pg/ml 
suspension in the final incubation medium to which Tween 80 at 0-5 per cent was 
added. The incubations of frog muscle were carried out at 3°C without shaking 
for periods ranging from 24 hr to 264 hr in rubber-stoppered flasks. In cases where 
indicated the leg preparation was placed in medium at 20°C which was sub- 
sequently placed in a 3°C refrigerator. At the end of the designated incubation 
time the leg preparation was removed from the flask, and the intact muscles were 
stimulated electrically in order to demonstrate their contractile properties. Only 
those preparations exhibiting vigorous contractile responses were used. The 
peroneus and gastrocnemius muscles were then dissected free of the leg preparation. 
The peroneus was used for a determination of Na*, K*, xylose and sucrose content 
while the gastrocnemius was used for glycogen determinations. Na* and K* 
analyses were carried out in a Perkin-Elmer flame photometer using LiCl as 
internal standard, while glucose oxidase (Glucostat, Worthington) was employed 
for measurement of glycogen following the hydrolysis procedure of Walaas & 
Walaas (1950). 
RESULTS 

‘The sucrose space appears to undergo no appreciable change under any of 
these conditions and if operationally this space is used as a measure of extracellular 
volume, the intracellular xylose penetration may be readily calculated (Norman et 


al., 1959). ‘Total tissue water remained unaltered by any of these conditions and 


TABLE 1—XYLOSE DISTRIBUTION IN UNCUT RAT DIAPHRAGM 


‘Treatment | Xylose , Sucrose Xylose % Effect 
(ml1/100 g) (m1/100 g) (m1/100 ml | over controls 
cell water) (p <0-02) 
* 22-1 (28) mean 

Control 37:8 + 0°83 (10) 21-6 + 1-2 (4) 27°5 
Testosterone (in vivo) 44-1 +1-1 (8) 21:9+1:1 (4) 38-6 + 40-3 
DOC (in vivo) 42:2+1-0 (12) 22°8+1-4 (4) 35-3 + 28-3 
A4-cholestenone (in vivo) 41-9+0-78 (12) | 22:0+0-9 (4) 34-8 +26°5 
Growth hormone (in vivo) | 39:5 +0-°81 (12) | 21:7+1-1 (4) 30°5 +14°5? 
Thyronine (in vivo) 38-3 +0-84 (8) 22:0 +0°8 (4) 28-4 none 
Estradiol (in vivo) 40-4 +0-92 (12) | 21:8+1-2 (4) 32-1 +16°7? 
Growth hormone (in vitro) | 37°8+1:2 (4) 22:2 +0°9 (4) 27°5 none 
Relaxin (in vivo) 42-0 + 0-74 (5) ? 34-9 +26:-9 
Adrenalectomy 48-3+1:3 (8) none 
Sham adrenalectomy 46:5+1-:2 (6) 


* Standard Error of the mean and number of determinations. 


was found to be 79-1 ml per 100 g + 1-1 standard deviation (number of determina- 
tions = 31) when dried in oven at 110°C for 16 hr. Since the mean sucrose space 
is 22-1 ml per 100 g, the intracellular water volume is 57-0 ml per 100 g. Table 1 
summarizes the sugar distributions obtained with the uncut rat diaphragm followin 
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the various treatments employed. ‘The per cent effect over controls is based on the 
calculated cell water concentrations and the null hypothesis test for significance 
was based on observed sugar content values. In all cases, statistical significance 
was obtained where indicated by comparison of individuals and in most cases was 
further verified by comparison of groups.* It can be seen that parenteral 
administration of testosterone, DOC, A4-cholestenone, and relaxin increase the 
penetration of D-xylose to a greater extent than do estradiol or growth hormone, 
while thyronine in vivo and growth hormone im vitro have no such effect. ‘These 
results suggest that the previously reported increased sugar penetration due to 
cortisol is not an effect specific to this steroid but is probably a more general 
pharmacodynamic response. ‘The fact that A4-cholestenone, which resembles 
cortisol chemically but not physiologically, effects a sugar distribution response of 
magnitude similar to that of cortisol indicates that some particular steroidal structure 
is involved. However, all the steroids tested were not capable of eliciting this 
response to the same degree. ‘Thus, testosterone produced the maximum penetra- 
tion effect and estradiol the minimum, while DOC and A4-cholestenone were 
intermediate. ‘The validity of the effects shown for estradiol and growth hormone 
are questionable since statistical significance could be shown for the calculated cell 
water distribution values or for the measured total distribution values only when a 
comparison of individuals was used as the test of a null hypothesis. 

In contrast to these findings, it appears as though the previously described 
effect of triiodothyronine (‘Tl'T) on sugar penetration is specific since the non- 
iodinated form of this molecule, which is completely lacking in endocrine activity, 
produced no change in xylose distribution. 

Adrenalectomy had no effect on total xylose distribution when compared to 
animals receiving sham operation. However, a significant difference is apparent 
between those animals undergoing surgery and the controls. Scission of the dorsal 
integument and puncture of dorsal peritoneum seemingly remained a sufficient 
stress to diminish the sugar exclusion properties of the diaphragm from 41-3 ml 
per 100 g of unavailable cell water to 32-6 ml per 100 g. From these findings and 
others previously reported, the process of sugar exclusion which is exhibited by the 
intracellular water of the diaphragm muscle is altered by a variety of conditions and 
is therefore a rather labile system. 


* The statistical analyses carried out were as follows: 

(a) Comparison of individuals. t = (¥—0)/s3; where X = X,—X, = difference; 
x= X—X = deviation; = Sx?/(n—1) = variance; = s*/n; sg= \s*/n= standard deviation of 
the mean (Standard Error) 

(b) Comparison of groups. t = X/sz; where ¥ = x;—x, = difference of group means; 
S.2 = Sx}+ Sx} = sum of squares of two groups being compared; s? = S2/2(n—1) = pooled variance 
= ¥(2s?/n) = Standard Error 

(c) Analysis of variance. F = o? (subsample means) /o? (individuals) where S = sum of indepen- 
dent variates with each subsample; » = number of subsamples; k = number within a subsample; 
C = S*/nk= correction term; Sx?—C = total sum of squares; (S}?+.S3, etc.)/k—C = sum of 
squares of subsample means; (Sx?—C)—({{(S}+ S3, etc.)/k) —C} = individuals sum of squares. 

The mean square of the latter two expressions were obtained after division by their respective 
degrees of freedom. 
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TABLE 2—XYLOSE DISTRIBUTION IN FROG SKELETAL MUSCLE 
Xylose distribution 
Incubation Initial temp. Effect Initial temp. Effect 
Treatment time (p <0-01) 20°C (p <0-01) 
(hr) Wet wt. Wet wt. 
(m1/100 g) (%) | net (m1/100 g) net 
| (ml (ml 
100 g) 100 g) 
TIT 24 23-6+0-72 (6) | none none | 34:0+0-62 (21) | none none 
Control 24 22:7 + 0-68 (6) 34:3 +0-67 (21) | none none 
Tie 72 (3 days) 23:1+0-65 (6) | none none 36:2+0-83 (6) none none 
Control 72 (3 days) 22:4+0-68 (6) 37:-5+0°85 (6) 
TEE 144 (6 days) 37-7 +0-°81 (8) | +67°5 | +15:2 | 36-6+0-88 (5) none none 
Control 144 (6 days) 22:5+0-67 (8) 35-1+0-90 (5) 
TTY 192 (8 days) 48-3+0-96 (8) | +50°6 | | 51:-4+1-12 (5) +49-9 | +17-1 
Control 192 (8 days) 32:1 +0-74 (8) 34:3 +0-83 (5) 
TFL 264 (11 days) | 60°-3+1-20 (8) | +50-0 | +20-1 
Control 264 (11 days) | 40-2+0-91 (8) 
Thyronine | 192 (8 days) 31:3+0-80 (7) | none none 
Control 192 (8 days) 30-8 +0-78 (7) 
Cortisol | 24 32-1 +0-87 (8) none none 
Control 24 31-6 + 0-74 (8) 
Cortisol 72 33-0+0°81 (6) none none 
Control 72 34:7+0-81 (6) 
Cortisol 144 26:2+0-72 (5) | none none | 32:0+0-92 (6) none none 
Control 144 26:5+0:-71 (5) 33-2+0-95 (6) 
Cortisol 192 34-44+0-85 (6) | none none 
Control 192 33-1+0°89 (6) 
Cortisol 264 40-5 + 0-94 (4) | none none 
Control 264 38:5+1-1 (4) 
DOC 72 21-:5+0-65 (8) 
Control 72 21:8+0-69 (8) 
DOC 144 27:5+0-97 (6) | +22:2 | + 5-0 
Control 144 22:5+0-82 (6) 
Insulin 24 32-9+0-71 (8) | +56°7 | +11-9 | 47-24+1-14 (6) + 36:0 | +12-4 
Control 24 21:0+0-65 (8) 34:8+0-95 (6) 
Insulin 72 33-2+0-76 (8) | +50-2 | +11-1 | 55-6+1-22 (8) +45:2 +17:3 
Control Tz 22-1 +0-66 (8) 38:3+1-0 (8) 
Insulin 144 38-4+0-80 (8) | +61-4 | +14-6 
Control 144 23:8+0-71 (8) 
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The results of the sugar penetration studies with amphibian muscle are shown 
in Table 2. A comparison of the control values here with those of the uncut rat 
diaphragm show that the two preparations are similar in their total water space 
available to the sugar. ‘The total water content of the frog muscle was 79-9 ml/100 g 
+ 1-1 (standard deviation) and remained unchanged under all conditions of these 
experiments. The xylose concentration of the medium remained unchanged for 
all time periods of extended incubation, and the slight dilution which occurred due 
to addition of tissue water could not be measured. ‘The temperature of the medium 
at onset of incubation influences the magnitude of the water space in which 
equilibrium is first achieved. ‘The volume of distribution of the sugar at the end of 
one day in media not pre-chilled is the same as that found at the end of six days in 
media chilled to 3°C prior to introduction of muscle; the absolute value of this 
volume is only 65 per cent of that found in media initially at 20°C. ‘Thus, in effect, 
a “‘tighter’’ preparation is obtained in pre-chilled medium since its properties of 
sugar exclusion are considerably greater. ‘The sucrose space appeared to remain 
relatively constant in the amphibian muscle preparation under all exogenous 


TABLE 3—ANALYSIS OF VARIANCE OF SUCROSE IN FROG SKELETAL MUSCLE 


| Degrees of | Sum of | Estimates of o*| Null hypothesis test 
freedom | squares | mean square | variance ratio (F) 
— 


Source of variation 


— | 
Subsample (group) | 
means | 45 a 21-6 


| 


2. Individuals 3: 9936 | 73-6 


3. Total 10,909 60-5 


hormone treatments employed and at all time periods examined. In no instance 
was there any statistical significance in the difference between the sucrose space 
of the hormone-treated muscles and their paired controls. Analysis of sucrose data 
can be seen in ‘Table 3. The variance ratio (/’) of 0-293 strongly supports the null 
hypothesis that these are multiple samples of the same random population. Thus 
the subsamples means which ranged from 13-1 to 17-0 ml/100 g were normally 
distributed about the entire sample mean of 15-0 ml/100 g. Furthermore, calcula- 
tion of the chi-square coefficient of dispersion showed little deviation of the sub- 
sample ratios from the estimated population ratio and in all class intervals the 
theoretical cumulative frequency distribution exceeded the measured percentage 
distribution. For these reasons, 15-0 ml/100 g was taken as the best estimate of 
the sucrose space in the amphibian muscle studies. 

That there is a period of latency for the direct action of TIT on the process 
of sugar penetration is nicely demonstrated in these experiments. At the end of 
six days of incubation in pre-chilled media, an increased xylose penetration in the 
presence of 'TI'T was readily evident. If one makes no assumptions regarding the 
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extracellular volume and considers the matter just from the standpoint of total 
sugar distribution, a rather marked increase due to TIT can be seen. This increase 
appears large because the control values remain small. The control-tissue values 
in the media not pre-chilled were of the same order of magnitude on day 1 as the 
'TIT-responsive tissues exhibited in pre-chilled media on day 6. Possibly for this 
reason an effect was not demonstrable at the six-day period in media with an initial 
temperature of 20°. However, at the end of 8 days, a similar decided increase in 


sugar penetration was seen under both conditions of ‘TIT treatment. 


Cortisol exhibited no direct effect on sugar penetration in the amphibian 
muscle while DOC produced a somewhat questionable effect at six days. Insulin 
brought about a sizable increase at all three time periods examined and under both 
conditions of initial incubation temperature. In view of the relatively rapid action 


‘TABLE 4—EFFECT OF INSULIN ON XYLOSE DISTRIBUTION IN FROG SKELETAL MUSCLE 
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Xylose distribution 


24 hr at 3°C 
Wet wt. 
(m1/100 g) 


Insulin 
(milli- 
units/ml) 


Effect 


(%) 


24 hr at 23°C 
Wet wt. 
(ml/100 g) 


net 
(m1/100 g) 


Effect 


(%) 


net 
(m1/100 g) 


400 33-5 +0-86 (8) 


None 18-0 +0-61 (8) 


40 35-6 +0-92 (10) 


18-1 +0-86 (10) 


23-4 + 1-26 (10) 


19-6 + 1:22 (10) 
0-4 25:2 + 1-67 (6) 


22-4 + 1-44 (6) 


+ 86-0 


+ 19-4 


none 


+15:°5 57:2 +1:53 (8) 


(p <0-01) 
38-0 + 1-61 (8) 


+17°5 
(p <0-01) 


3-8 
(p <0-05) 


none 


(p <0-01) 


+19-2 


units/ml produced no statistically significant difference. 


The Na*, K* and glycogen content of the frog muscle preparations used for 
xylose penetration studies are presented in Table 5. TIT exerts a significant effect 
on K* loss from this muscle preparation at all time periods measured (P< 0-01). 
Concomitant with this action on K* loss from the muscle cell there is an increased 


of insulin on xylose distribution, it became of interest to measure the sensitivity of 
this frog muscle preparation to exogenous insulin. The results of these experiments 
are shown in ‘Table 4. It appears that an insulin concentration of 4 milli-units/ml 
would approximate the region toward the lower end of a dose-response curve since 
only a 19 per cent increase in xylose distribution was measured, while 0-4 milli- 
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glycogen depletion (P<0-01). No effect on Na* concentration in the cell water 
appears demonstrable in the presence of exogenous TIT’. ‘Thus, at the sixth and 
eighth day incubation periods, although tissue deterioration might be suggested 


Na*, K* AND GLYCOGEN CONTENT OF FROG SKELETAL MUSCLE 


| Incuba- 


Treatment | tion 
time 

(hr) 

72 
Control | 72 


TIT 


Control 


| 
Control | 
| 

| 


TIT 64 
Control 264 
Cortisol 24 
Control 24 
Cortisol 72 
Control 72 


Cortisol 
Control 


Cortisol 192 
Control 192 
DOC 72 
Control 72 
DOC 144 
Control 144 
Insulin 24 
Control | 24 
| 
Insulin 78 
Control | 78 
| 


| 


20-4+ 0-95 (8) 
18-6 + 1-14 (8) 


19 


20: 


Nm 


‘6 
l 


we 


-9+0-83 (6) 85-0+1°51 (8) 
2+0-87 (6) 85-4+ 1-60 (8) 
-2+0-97 (10) 101 +1-93 (10) 
1 + 0-94 (10) 100 +1-69 (10) 
-4+0-82 (24) 5-1 93-7+1-51 (9) 
-3+0°81 (24) 92-2 +1-70 (9) 
‘8 +0-98 (8) 104-2 + 1-40 (8) 
-5+0-93 (8) 96-7 + 1-45 (8) 


Intracellular* 


Muscle Na Muscle K* 
(4M /ml cell water) 


Effect | 
p<0-01 
} 


+ 1-54 (8) 
86:2 + 1-62 (8) 


+ 1-0 
+ 0-94 (8) 


- 1-41 (8) 
“60 (3) 


I+ 


“83 (8) 
87:7 +1-71 (8) 
+O-88 (6) 
+ 0-90 (6) 


0-91 (6) 88-4+ 1-70 (8) 
+ 0-94 (6) 87-3+1:-75 (8) 


\ + 


9-3 


39-9 


Glycogen 
(mg/g) 


3-92 + 0-20 (8) 


2:60 + 0°16 (8) 
4-21 +0-18 (8) 


Effect on 
glycogen 
(p < 0-01) 
net 
(%) | (mg/g) 


— 38-3 | —1-61 


1:17 +0-13 (8) 
1-80+0-15 (8) 


0-52+0-11 (8) 
1:86 + 0-14 (8) 


2:96 + 0-19 (8) 
2:17+0-19 (8) 
1-46 +0-17 (8) 
1-41 +0-16 (8) 


2:33 + 0:20 (8) 
2°45 +0-15 (8) 
1-85+0-17 (6) 
1:75 +0-16 (6) 


| 


0-16 (8) 
0-19 (8) 


32 


1-58 +0-15 (8) 
0-97 + 0-14 (8) 


— 34-9 | —0-63 


—72-1 | —1:34 
none none 
none | none 


none none 


none none 
none none 
none none 
none none 
none none 
+65-0 | +0-63 


* Based on sucrose of 15 


ml/100 g. 


from loss of K* and glycogen, the muscle retains all of its normal properties of Na‘ 
exclusion. Furthermore, although sugar penetration increases from day 6 to day 8 


Effect 
P 
| 
144 1960 
192 | = 
192 
x 
( 
| 
| 
| 
144 22: 3-2 +0-21 (8) 
144 | 21- 2:36 + 0-23 (8) 
20 
21 
| 
| 
21 1-62+0-13 (6) 
} 
18 
| | 
y 
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in non-treated controls, 74 per cent of the intracellular water remains unavailable 
to the sugar for distribution. 

Cortisol was completely without direct effect on muscle glycogen, Na*, or K* 
content. In contrast to this corticosteroid, DOC appeared to exhibit a direct action 
on Na* retention although it was without effect on muscle K* and glycogen content. 
Some 5-1 «M more of Na* per ml cell water were retained in the presence of DOC, 
the value being 31 per cent greater than that of controls. ‘That this effect represents 
some degree of specificity is suggested by the negative response with cortisol. It 
should be noted that the control values for the DOC experiments are lower than 
control values for Na* concentration at a comparable time period in other experi- 
ments. ‘The reason for this is not known but the assumption made is that random 
variation is all that is operative. 

Insulin was without effect on muscle glycogen at 24 hr although this was the 
same time period in which an almost maximal effect on sugar penetration was 
demonstrated. ‘These results indicate that the increased sugar penetration response 
due to insulin is not necessarily accompanied by an increased rate of glycogen 
synthesis under conditions which do not readily facilitate glycogen formation. 
During incubation at 3°C, glycogenesis and glycogenolysis do not readily occur 
since the reaction rates of the enzymic systems involved are probably severely 
depressed. However, under these very conditions, the per cent effect of insulin on 
sugar penetration is comparable to the maximal effect obtained at any time period 
in mammalian tissue at 38°C (Norman & Hiestand, 1959). Furthermore, the 
percentage increase in sugar distribution due to insulin at 3°C exceeds that found 
at 23°C while the net values appear somewhat smaller for the lower temperature. 
Thus, at 24 hr, insulin produced an 86 per cent increase in xylose distribution at 
3°C and a 50-4 per cent increase at 23°C whereas the comparable increases in 
net distribution values were 15-5 ml/100 g and 19-2 ml/100 g respectiv ely. Since the 
numerical values of all such purported insulin effects are an inverse exponential 
function of the control values, it must be pointed out that a slight change in the 
numerical value of the controls exerts a much greater influence on the resulting 
insulin effect than is perhaps apparent at first glance. It appears that in the 
temperature range from 3°C to 23°C, the action of insulin to increase sugar 
penetration is not directly influenced by the temperature. ‘The relationship of the 
temperature to the sugar distribution values seems to be only one wherein the 
structural integrity of the tissue is maintained more readily at the lower temperature. 
A small but consistent insulin effect on K* retention was obtained while there was 
no statistically significant change in the Na* concentration of the cell water. ‘There 
was, however, the apparent tendency for a slightly greater Na* loss in the presence 
of exogenous insulin and this point requires further clarification. 

The final K* ion concentration in the media of both treated and control tissues 
after 6-8 days’ incubation was about 4:1 ~.M/ml. This means that approximately 
2:2 »M-K*/ml of medium must have been lost from the cut muscles of the leg 
preparation. ‘The initial K* concentration of the peroneus was found to be 
94-1 uM /ml + 3:8 S.E. 
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DISCUSSION 

From the results herein reported, questions may be raised regarding the 
nature of certain hormonal actions. ‘The findings that 'T'l'T increases sugar penetra- 
tion 44 per cent in the rat following administration im vivo (Norman & Hiestand, 
1959) and 270 per cent in the frog following administration in vitro raise the question 
of whether thyroid hormone action expresses itself through permeation phenomena. 
That thyronine does not exert an effect on sugar distribution im vivo or in vitro 
suggests specificity for the TIT effect. This effect of TIT may not represent its 
physiological action; although the contractile response of the 'TI'T-treated muscles 
was vigorous and the Na* exclusion properties were unaltered, the glycogen and 
K* loss which the hormone elicited may be interpreted as reflecting a breakdown 
of the “barriers’’ which maintain intracellular sugar exclusion. The use of 
amphibian tissue for long-term incubations appears to be a means by which one 
can establish under the appropriate conditions whether the action of the hormone 
is direct or indirect. ‘The fact that amphibians elaborate and secrete hormones 
similar to those found in mammals invokes the possibility that the hormones 
produce basically similar qualitative effects in both types of tissue preparations. 

‘The present findings that TIT’ and DOC appear capable of influencing, im 
vitro, such cellular activities as sugar distribution and ion retention respectively 
necessitate a brief consideration of other literature which supports or refutes any 
exogenous activity of these hormones on isolated tissues. Studies using isolated, 
perfused frog heart have reported changes in cardiac rate, output and electrical 
activity in response to the dose of TIT or thyroxine administered in the perfusate, 
while no such changes were found with thyronine (Kleinfeld et a/., 1958). Thyroxine 
has been shown to influence mitochondrial integrity associated with transfer 
phenomena (‘Tapley, 1956; Lehninger & Ray, 1957). These findings are not in 
disagreement with the permeation changes presently reported. Evidence for the 
physiological interplay of the thyroid hormone and DOC in Amphibia is suggested 
by thyroxine-induced metamorphosis of the anuran tadpole which is reportedly 
accelerated by the presence of desoxycorticosterone acetate (DOCA) in the medium 
whereas the addition of DOCA alone completely inhibits metamorphosis at the 
hind limb bud stage (Kobayashi, 1958), or accelerates metamorphosis at the toad 
stage (Gasche, 1945). Other workers report positive effects of glucocorticoids, 
estrone, and stilbestrol on thyroxine-induced metamorphosis of Bufo bufo bufo, 
but no such effect of DOC (Frieden & Naile, 1955). These differences may in part 
be related to the differences in dosage employed. The findings of Heppo ef al. 
(1959), using labelled K*, that DOC has no effect on K* uptake of skeletal muscle 
in adrenalectomized rats are in agreement with the results herein reported, namely 
that there is no direct effect of DOC on muscle K* in frogs. The work of 
Woodbury & Koch (1957) with mice, as well as that of Heppel (1939) with rats, 
demonstrates an increase in Na* concentration with little effect on the K*,/K*, 
ratio of the muscle cell water following DOCA treatment. These findings further 
support the present work; however, the authors conclude that the action of DOCA 
to increase intracellular Na* occurs as a result of K* loss from the muscle cell 
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following K* loss from plasma via the kidney. ‘The work of Ferrebee et al. (1941) 
supports this conclusion since the administration of K* salts was found to prevent 
the DOCA-induced Na* accumulation in muscle. The present findings with 
DOC indicate that a direct action of this mineralocorticoid on Na* transfer in 
muscle can be shown under the appropriate conditions. Studies with Neurospora 
crassa have shown a diminution of the Rb* accumulation capacity in the presence 
of DOC, but this steroid was without effect on the entry process (Lester & Hechter, 
1958). The present findings with frog muscle which show DOC to be without 
effect on the maintenance of a K;/Ky ratio approximating 25 to 1 would lead one 
to conclude that DOC acts differently in Neurospora than it does in skeletal muscles 
or that there is a difference in the basic processes underlying K* accumulation in 
both kinds of cells. 

Other im vitro studies with amphibian muscle at 20° or 24° have shown a sizable 
increase in O, uptake and a small but significant increase in K* uptake in the 
presence of exogenous insulin (Gourley, 1957, Manery et al., 1956). Thus, the 
insulin effects on frog muscle appear to be quite similar to those obtained with 
mammalian muscle. According to the work of Kipnis & Cori (1957), the insulin 
response between 27°C and 37°C in both cut and intact diaphragm muscle exhibits a 
temperature coefficient (Q,,) approximating 1-75. The calculations were based on 
the increase in distribution volume and rate of entry of D-xylose produced by 
insulin. ‘These findings are in marked contrast to those of Resnick & Hechter 
(1957), using a similar muscle preparation, who report no temperature influence on 
volume of distribution or the rate of entry of D-galactose due to insulin from 20°C 
to 37°C. The latter findings are in agreement with unpublished data from this 
laboratory using the uncut rat diaphragm at temperatures of 27°C and 37°C in 
the presence and absence of exogenous insulin. No effect on the volume of D-xylose 
distribution could be found due to the temperature difference in either the insulin- 
treated or the control muscle preparation. Furthermore, the present work with 
frog muscle demonstrates an insulin effect on sugar distribution volume under 
conditions exhibiting no temperature dependency from 3°C to 23°C. Such 
empirical observations suggest the possibility that the activation energy require- 
ment for insulin action on cell water penetrations is either very low or does not 
exist. The entertainment of this possibility diverges considerably from the almost 
classically accepted biochemical thought which apparently points out the thermo- 
dynamic requisites for insulin action. However, most of this thought is based on 
some index of the metabolic aftermath following the introduction of insulin. 
These processes of course are temperature dependent since they are enzyme 
catalyzed. ‘Thus the temperature coefficients calculated are based on reaction rates. 
It must be emphasized that the present findings deal only with points of shifting 
equilibria and not transfer rates or flux. Additional information toward the 
resolution of this question would come from a kinetic treatment of the xylose 
penetration of the frog muscle preparation in the temperature range of 3°C-—23°C 
under conditions where the exogenous insulin concentration is limiting and optimal. 
In the event that the primary action of insulin in the muscle cell is this alteration of 
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such operationally defined sarcoplasmic penetration barriers, and that all ionic and 
metabolic shifts occur concomitant with or subsequent to this initial action, the 
elucidation of insulin action in fundamental terms would necessarily involve first, 
a description of the physico-chemical nature of such penetration barriers and second, 
the manner in which insulin brings about their alteration. Preliminary suggestive 
evidence along such lines may be related to the work of Heilbrunn et al. (1958) 
with the giant amoeba Chaos chaos wherein it had been shown that insulin inhibits 
the clot-preventing activity of heparin upon the cell protoplasm. If the nature of 
any penetration barriers involves sol-gel transformations within the sarcoplasm 
then interaction between insulin and a gel-inducer may be the very basis of its 
action on sugar penetration. Numerous other models may, of course, be postulated, 
but the validity of any such speculations must await the identification of the 
cytoplasmic material which insulin reversibly alters. 

A discussion of the finding that growth hormone exerts an effect on sugar 
penetration in the rat diaphragm seems premature at this point in view of the 
relatively small difference produced, the lack of specificity of this response and the 
fact that no long-term studies have as yet been carried out directly with frog muscle. 

‘The use of the frog muscle preparation described appears to be an excellent 
means whereby one can measure the direct effect of biological materials on a 
variety of end-points such as enzyme activity, nucleotide and protein turnover, or 
the synthesis and catalysis of a great number of products under conditions where 
extended incubation periods are imperative. 
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BOOK REVIEWS 


Progress in Drug Research. Edited by E. Jucker. Vol. 1. Birkhauser Verlag, Basel 1959. 
607 pp. £6. 68DM. 


Tuts book is the first volume in a new annual series. The editor’s aim is to present a fairly 
comprehensive survey of selected fields in current pharmacological research in an attempt 
to bridge the gap between the periodical and the monograph. Wherever possible it is 
intended to emphasize the relationship between chemical structure and pharmacological 


activity. 

The work has a truly international flavour, contributors to this volume coming from 
Germany, Great Britain, Switzerland and the United States. There are seven articles, five 
in German and two in English. The subjects covered are ion-exchangers, cholesterol 
metabolism, placebos, anthelminthics and stereochemical factors influencing biological 
activity. There is a final miscellaneous chapter outlining the more important pharmaco- 
logical advances during the past year. All these articles are authoritative and reasonably 
up to date; references to the original literature are numerous. 

The book can be recommended as a work of reference to those directly interested in the 
fields under review. On the other hand the articles tend to be heavily laden with facts and 
this may discourage reading by workers in other fields who seek a review which can be read 


rapidly. 
E. W. Horton 


L. F. Freser and Mary Firser: Steroids. Reinhold, New York and Chapman & Hall, 
London 1959. xvii+945 pp. £7 4s. Od. 


IN deliberate and gentlemanly fashion the history of the steroids began nearly two hundred 
years ago with the extraction of cholesterol from biliary calculi in 1769 by Poulletier de La 
Salle; it continued with extraction of cholesterol from bile in 1775 by Conradi, and some 
work by Chevreul in 1815. In 1859 Berthelot discovered that cholesterol was an alcohol. 
What has been called the classical period of steroid chemistry began in the twentieth 
century, with publication of their first work on sterols by Windaus and by Diels in 1903, 
and on bile acids by Wieland in 1912. The study of the sterols and bile acids continued as 
a series of laborious investigations on academic lines of the chemical constitution of natural 
substances. In the ‘thirties the first stage of rocket propulsion began, with the isolation of 
the vitamins D and the sex hormones and the proposal of a new formula by Rosenheim & 
King. In 1949 came the boost of the discovery of the therapeutic activity of cortisone, and 
to-day the ‘‘steroids’’, the chemical class of substances with the perhydrocyclopentenophen- 
anthrene nucleus which includes the sterols, bile acids, oestrogens, androgens, progestational 
hormones, adrenocortical hormones, cardio-active compounds and certain sapogenins and 
alkaloids is recognized as one of the great classes of potent biochemical and physiological 
agents. Integral parts of this development of knowledge have been structural and stereo- 
chemical studies and the application of physical methods, with the result that the chemistry 
of the steroids has become an edifice truly formidable both in volume and complexity even 
to chemists by training and more particularly to those exploring from the physiological side. 

In current jargon, a difficult problem of communication has grown up, not only between 
specialist and non-specialist but even between specialists; such is the volume of work 
published. Nevertheless the subject of steroids is fortunate in its exponents in English. A 
couple of years ago there appeared the little book by Klyne, The Chemistry of the Steroids 
(Methuen, London 1957), a survey and introduction for the non-specialist. More specialized 
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readers have been served by successive editions of Chemistry of Natural Products Related 
to Phenanthrene by Louis F. Fieser, 1936 and 1937, and of Natural Products Related to 
Phenanthrene by Louis F. Fieser and Mary Fieser in 1949: the present work is the successor 
of the last, a rewritten new edition of the growing steroid part. 

The present book, which has been awaited with eagerness, certainly fulfils expectations. 
Its success is a matter of personalities—personalities who can write easily and rapidly in 
clear English and who have been able to draw in a long list of scientific colleagues from all 
over the world to read willingly sections, chapters, or even the whole book and come back 
with criticism and discussion. The result has been the elimination of errors and a high 
degree of dependability for fact and reference, but, says the preface, “the advisers listed 
should not be assumed to share the opinions expressed’’. The text is the authentic voice of 
the Fiesers and not a collection of abstracts strung together. The personalities are also, it 
should be mentioned, a little obstinate, and they have been known to stick to their own 
opinions on a number of subjects, including abbreviations and the important one of nomen- 
clature, which may not be strictly international but is always clear and unambiguous. 

In view of its size and standard of production the not inconsiderable price is justifiable 
and workers in the steroid field will, in all probability, acquire this book without the present 
writer's recommendation. ‘To workers in adjacent fields the book may be unreservedly 
recommended for reading and reference. 


R. K. CaLLtow 


Eva D. WILSON, KATHERINE H. FIsHER and Mary E. Fuqua: Principles of Nutrition. 
John Wiley, New York and Chapman & Hall, London 1959. iv+483 pp. $5°95. 
£2 8s. Od. 


Tus book is written by three colleagues at the Pennsylvania State University who are all 
teachers in the field of Foods and Nutrition. In the United States nutrition is taught not 
only to students specializing in the subject, as it is here, but also in an elementary way to 


large numbers who are studying in some quite unrelated field such as commerce or law, and 
who have no scientific background at all. It is for such people that this book is presumably 
primarily designed. It is full of sound information entertainingly described and has excellent 
chapters on the different dietary essentials, their distribution in food and their function in 
the body. The last part of the book is more general, having chapter headings such as ‘‘How 
well do we eat ?’’, ‘Food fads and fallacies” and ‘Nutrition needs of children’’. 

If the book does not have such a ready sale in Britain as in the United States it will be no 
fault of the authors, but because the system of education is different. Any arts student who 
wants to broaden his outlook, or indeed any non-specialist who is interested in the science 
of nutrition, can be confidently recommended to take this book as his teacher. 


E. M. Wippowson 


C. B. ANFINSEN: The Molecular Basis of Evolution. John Wiley, New York and 
Chapman & Hall, London 1959. xiv+228 pp. $7. £2 16s. Od. 


Many of us are finding it more and more difficult to keep abreast of the vast amount of data 
that is being produced on protein structure, DNA, genes and gene duplication. This book 
does much to present the general scientific reader with a synoptic view of the field. It is 
written with interest and enthusiasm and much of this comes over to the reader. After an 
initial chapter on the time scale and some evolutionary principles, in which the author 
briefly summarizes the problems of micro, macro and mega evolution, the author discusses 
the basic laws of inheritance and cell division. This naturally leads to biochemical genetics, 
the chemical nature of the gene, DNA and the problem of DNA duplication. The various 
approaches to gene duplication and variation are described and these are linked to a summary 
of our knowledge of protein structure, this latter section being one of the best general 
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expositions of the subject that I have read. There is a lot of information in this book and, 
as one would expect from Anfinsen’s own work on protein structure, the presentation is 
lucid and interesting. 

In particular the work links up several different scientific disciplines and shows the way 
in which the various ‘‘isolated facts’? can be dovetailed together to form an integral whole. 
The accent throughout is on ideas and principles and the data is always used to illustrate 
either a concept or a gap in our theoretical knowledge. It is a book that will, without doubt, 
stimulate the intelligent undergraduate and sixth-former, and be valuable to those of us who 


can still find time to read for pleasure, instruction and ideas. 


G. A. KERKUT 


Monop: Recherches sur la croissance des cultures bacteriennes. Actualités 
sciéntifiques et industrielles 911. 2nd Ed. Hermann, Paris 1959. 212 pp. 15NF. 
£1 8s. Od. 


Tue thesis of Jacques Monod, which appeared in 1942, has been out of print for a long 


time. It contains an analysis of bacterial growth considered as a tool for the study of 


bacterial physiology. "The phenomenon of ‘‘diauxy’’ which is extensively described was the 


starting point of the studies on the induced synthesis of enzymes. This study led to the 
discovery of the repression of enzyme synthesis and of the permeases. It was really at the 
origin of the development of our knowledge of many important aspects of cell physiology 
and molecular biology for which the School of the Pasteur Institute has been responsible. 
This reimpression of one of the classics of microbiology will be most welcome. 
A. LWorr 
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MOULTING CYCLE 
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Abstract—The concentrations of the principal ions, sodium, potassium, calcium, 
magnesium, chloride and sulphate in the blood-plasma of Carcinus maenas have been 
measured and compared with those of sea water in which the crabs were kept. Taking 
the total ionic concentration of sea water as 100, the mean values with standard errors 
for the plasma at different stages of the moulting cycle are as follows: intermoult 
100-7 + 0-26 (N = 19), premoult 107-5+1-00 (5), postmoult within 24 hr 102-9+0-56 
(7), postmoult 2-14 days 98:2+0-37 (6), moulted several months 100-3+1-35 (2). 
Increases of sodium, calcium, magnesium and chloride are responsible for the rise in 
total concentration in the premoult stage; calcium increases from 126 per cent to 164 
per cent of the sea water value, magnesium from 37:1 per cent to 55-5 per cent. 

Measurements of total particle concentration by the Krogh-Baldes method show the 
same pattern as the chemical estimations. From the concentrations of non-protein 
amino-N, lactic acid, reducing sugar, ammonium, inorganic phosphate and bicarbonate 
in the plasma, it is improbable that at any stage each of these constituents (except 
bicarbonate) contributes more than 2-3 millimoles or mg ions to the osmotic con- 
centration (the latter is about 1080 mg ions/kg water at the intermoult stage). 

Uptake of ions and water in intermoult Carcinus, balancing losses in the antennal 
secretion and by outward diffusion, probably takes place chiefly through the gills. 
Uptake of water at moult, averaging 66-3 per cent (range 43—96) of the premoult weight, 
takes place through the foregut and hepatopancreas. Chemical analyses show that the 
fluid absorbed is essentially sea water, with all its ions. Absorption of water into the 
extracellular fluid halves the concentration of blood protein. About one third of 
the water is absorbed intracellularly. Extracellular volume in intermoult crabs, as 
determined by the distribution of injected sucrose and inulin, averages 32-6 ml per 
100 g (30-2-—34-9 ml in four estimations). 

Hepatopancreatic secretion differs inorganically from plasma in having higher 
potassium, calcium and magnesium concentrations. During the postmoult phase, 
when sea water is being absorbed, all the ions of the secretion except chloride are higher 
than those of the plasma, sulphate being thirty times as high. Sulphate accumulates 
owing to the slowness of its absorption compared with the other ions present in sea 
water. 


I. INTRODUCTION 


THE moulting cycle in the marine decapod Crustacea presents many features of 
interest: the slow building up of reserve substances in the intermoult phase, the 
formation of the new skin accompanied by resorption of organic matter and salts 
from the old cuticle in the premoult phase, the shedding of the old skin at ecdysis 
accompanied by a large intake of water, and the building up and hardening of the 
new cuticle from reserve stores within the animal and calcium ions from sea water. 
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Many of these features seem to involve changes in the composition of the blood at 
different stages of the moulting cycle, and in the present investigation these changes 
have been studied in the shore-crab Carcinus maenas (L.), a species on which some 
pertinent data already exist (Robertson, 1937; Webb, 1940). 

Analyses have been made of the plasma and external medium in crabs at 
different phases of the moulting cycle. Blood was collected in a pipette through 
the arthrodial membranes at the bases of the legs. After the cells had aggregated, 
the blood was centrifuged and the clear plasma used for analysis. For the determina- 
tion of ammonium, bicarbonate and reducing sugar, the collection and centrifuga- 
tion of the blood were made under liquid paraffin, and the plasma analysed 
immediately. Sodium, potassium, calcium, magnesium and chloride were 
estimated by the methods of Robertson and Webb (1939), and sulphate by Webb’s 
(1939b) barium iodate technique. This latter method proved unsuitable for the 
sulphate of the more complex digestive juice, and in this case the ion was estimated 
microgravimetrically as barium sulphate. Bicarbonate and ammonium were 
determined according to Conway (1950), phosphate by Sumner’s (1944) method, 
reducing sugar according to Somogyi (1945), lactic acid and amino acids according 
to Hullin & Noble (1953) and Russell (1944) respectively. Protein was either 
determined gravimetrically (Robinson & Hogden, 1941), or estimated by subtract- 
ing from the total solids the weight of salts found by analysis plus a small value for 
water of crystallization. 

Total particle concentration was measured thermoelectrically using the Baldes 
thermocouple as modified by Krogh (1939, p. 211-12), and total base by Hald’s 
(1934) benzidine sulphate method. Water contents were obtained by evaporating 
weighed samples to dryness on a water bath and then drying in an oven at 101°C 
for 4 hr. Analyses could then be given on a water content basis, essential for any 
proper comparisons of equilibria. 

A chloride determination of the sea water from which a crab was taken was made 
in each case, and the composition of the sea water calculated from the following 
standard ratios (Webb, 1939a)—Na/Cl 0-5549, K/Cl 0-02009, Ca/Cl 0-02122, 
Mg/Cl 0-06694, SO,/Cl 0-1396. Plasma analyses were then expressed as per- 
centages of the sea water values, on a water content basis. Samples of Millport 
sea water in which the crabs were kept had a chloride content of 18-10—18-80 g/I. 
over the period of the observations. A typical average chloride concentration 
would be 18-44 g/l., equivalent to a chlorinity of 18-03 g/kg, giving a composition in 
g/kg water of Na 10-34, K 0-374, Ca 0-396, Mg 1-248, Cl 18-64 and SO, 2-602; the 
total ionic concentration of this sea water would be about 1076 mg ions /kg water. 

The net uptake or output of ions and water between the crab and the external 
medium has been investigated in ‘‘balance”’ experiments, in which weighed crabs 
have been kept in known quantities of sea water which was then analysed, the 
determinations being made in duplicate. The means of these were deemed to be 
significantly different from the values calculated from the chloride content of the 
original sea water only if they differed by a percentage value equal to at least twice 
the standard deviation from the mean of a series of duplicate estimations on known 
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samples. Expressed as a percentage, 2 x s.d. is for Na 0-48%, K 2:09%, Ca1-10%, 
Mg 1-24%, Cl 0-127%, SO, 1-20%. 

Some measurements of the volume of extracellular fluid were made by injecting 
0-5 ml of a solution of inulin (8% in sea water) or 0-5 ml of isosmotic sucrose into 
crabs of about 100 g weight, and finding the final blood concentration of the 
injected carbohydrate after 1-5 hr. The openings of the antennal glands were closed 
with dental cement during the experiments, to prevent any slight excretion. The 
sucrose was determined by Somogyi’s (1945) copper method after hydrolysis of the 
plasma filtrate with an invertase preparation, inulin colorimetrically according to 
Roe et al. (1949). 

Most of the crabs used, males and non-ovigerous females, were medium-sized 
specimens of carapace width 4:5—7-6 cm and weight 30-90 g. Crabs of this size 
seem to moult once a year between March and September. Of twenty specimens 
which moulted when under observation, twelve (five males and seven females) did 
so in June. All except one moulted overnight, when in the dark. 

Specimens placed in the premoult category were those in which resorption 
along the lines of the pleural suture had gone so far that slight pressure caused the 
separation of the parts on each side, or those in which separation at the pleural 
suture had already occurred; in both cases the underlying new skin was present. 
In Drach’s (1939) comprehensive terminology of stages in the moulting cycle of 
Cancer pagurus, these two stages are D3 and D4. Postmoult crabs have been 
recorded in relation to time after moulting: specimens within 24 hours of casting 
the old skin have increased markedly in volume by the absorption of water and 
have still a very soft exoskeleton (stage A of Drach); the continuous calcification 
of the exoskeleton leads to a “‘paper-shell” consistency of the carapace after a few 
days (stage B). Intermoult crabs are those with a completely hard skeleton, 
including rigid branchiostegites (stage C4 of Drach); these often had Pomatoceros 
tubes on the integument. 

All the premoult and intermoult crabs used in this work were trawled or collected 
in creels a few days prior to the observations and experiments; crabs were not fed 
while in the aquarium except in stated instances. 


II. THE COMPOSITION OF THE BLOOD 

Webb (1940) has studied the composition of the plasma in male intermoult 
crabs, using the same chemical methods as used in this paper, and his data for 4 
specimens are included in Table 1. The plasma from 3 female crabs of this 
category had a composition within the range of that of the male specimens. Reduc- 
tion of magnesium to a third of the sea water value and sulphate to about one half 
is accompanied by increases in the other ions, the total ionic concentration, how- 
ever, being maintained at 101 per cent of the sea water value. 

Premoult crabs show a marked increase in total ionic concentration, the mean 
figure for 5 specimens being 107-5 per cent of the total in the external medium. 
The chief ionic changes are increases in sodium and chloride, calcium and 
magnesium, all statistically significant according to the t-test at the 0-05 level of 
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TABLE 1—COMPOSITION OF THE PLASMA AT DIFFERENT STAGES IN THE MOULTING CYCLE 


Stage 


Number 
and sex 


Concentrations as °% of sea water values mg/ml 
(on water content basis) 
Total 
Mg SO, mg ions | Protein | Water 


Intermoult 
Mean 


Mean 


Mean 
s.e. 


Premoult 
Mean 


s.e. 


Mean 


Mean 


s.e. 


100-7 
+0-28 


100-9 


100-7 
+0-26 


43-8 
+4-03 


950 
+2°85 


Postmoult 
within 24 

Mean 


Mean 


s.e. 


Mean 


s.e. 


hr 


Postmoult 
2-14 days 
Mean 


s.e. 


Mean 


109-4 
+0-69 


109-9 
+0-80 


108-6 
+1-21 


105-9 
+1-05 


107°5 
+1-00 


104-0 


+0-56 


98-7 


+ 0-06 


Mean 6 5+ 108-0 122 93 34-9 98-0 53-3 98-2 15-2 970 

s.e. +0:85 + 5-79 +5:74 | +3-86 +0-78 +8-91 | +0-37 +1-82 +1-54 
Moulted 1¢ 109-9 113 123 24-6 97-7 65:1 98-9 26-1 961 
several 1 110-2 118 124 40-4 101-4 64-3 101-6 9-9 969 
months 

Mean 235+ 110-1 116 124 32°5 99-6 64-7 100-3 18-0 965 

s.e. +0:16 | +3-00 +0-71 | +7-91 +1-85 +0-40 | +1°35 +8-10 + 4-00 


16 3 111-3 112 125 37-0 | 100-1 51:5 | 
+038 | +362] +161] | +037 | +2-71 
3 110-8 117 129 37-3. | 100-4 495 | 41-6 | 947 
19 $+9 | 111-2 113 126 37-1 | 100-1 51-2 | 43-5 | 952 
+035 | +1-48] 41:00 | | 42-52 +3:74 | +2-67 
1960 
118-1 125 167 50-5 | 107-9 44-6 52-4 | 940 1960 
| +116 | +013] +3-67 | 41-23 | +0-50 | +2-74 
29 112-0 126 160 63-1 | 106-2 47-7 45-8 | 945 
| 41:58] +255] 40-17 | +3-10 | +12-4 | 
115-7 | 125 164 55-5 | 107-2 45-8 49-8 | 942 
+1:59 | +637] 42:09] +3-68 | +1-25 | +4-50 +3-40 | +2-07 
= 
23 111-3 121 128 45:3 | 106-1 49 | 25-9 958 
+2:55 | +072] +2-23] +9-00 | 41-05 | +045] | +1-:00 | +2-55 
118 114 51-4 | 104-7 27-4 | 102-5 19-9 | 964 
+1-75| +499] +114 | +061 +1-36 | +061 | +1:96 | +0-84 
119 118 49:7 | 105-1 29-5 | 102-9 21-6 | 962 
+1:33| +433] | | +1-67| +1-76 | +1-44 
33 108-1 113 98 37:2 98-4 55:8 14-9 | 969 
| +834] +5-24] +8-07 | +1:39 | +162 | +069 | +1-:22 | +1-68 
35 107-8 132 88 32-6 97-6 50-8 | 17-2 | 970 
+0:56 | +286] +105 | +1-95 | +0-98 | +11-4 | | +2-97 
4 
: | | | | | | | | | | eee a 
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probability. In these premoult specimens, as in all the other phases, no statistical 
differences were found between the sexes, but the numbers of specimens are small. 

Low protein concentrations are characteristic of all the postmoult specimens, 
owing to the large increase in volume of blood as it is diluted with absorbed water 
at this stage. On the average, the total concentration is lowered (102-9 per cent), 
but within the first 24 hr it is still above that of the intermoult specimens (100-7 per 
cent). A clear fall in calcium content is evident and also a fall in sulphate. 
Specimens analysed from the second to the fourteenth day after moult show an 
even lower protein content, and a fall in total ions below those of the surrounding 
sea water. The mean value for calcium is now below the value in sea water in both 
sexes. In two specimens considered from the consistency of the carapace to be at 
least two months postmoult, the calcium content of both and the total ionic 
concentration of the female are back to the intermoult level, while the protein 
concentration is still far below this level. 


TABLE 1A—SOME t-TESTS RESULTS FROM DATA IN TABLE 1 


Difference between means 


(a) total mg ions Value from table of 
(b) calcium t where P=0-05 
(c) magnesium Calculated t 


Intermoult and premoult: (a) 9-7* 
(b) i2-3* 2-07 
(c) 


Premoult and postmoult 
within 24 hr: (a) 4-3* 
(b) 


Postmoult within 24 hr 
and postmoult 2—14 days: (a) 6-7° 
(b) ; 


Postmoult 2-14 days and 
moulted several months: (a) 


2:3 
(b) 


Moulted several months 
and intermoult: (a) 0°5 2:09 


Intermoult and postmoult 
within 24 hr: (a) 4-0* 2-06 


Intermoult and postmoult 
2-14 days: 


(a) 4-9* 2:07 


* Significant difference. 


The outstanding features in Table 1 are the variations in calcium, protein and 
total ionic concentration in the various moulting phases. Table 14 gives the results 
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of applying the f-test of significance to the differences in calcium and total mg ions. 
More extensive data on the calcium and protein changes are given in Tables 2 and 
3 respectively. The normal range of intermoult calcium values in Carcinus and 
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TABLE 2—CALCIUM CONCENTRATIONS IN PLASMA AS PERCENTAGES OF THOSE IN SEA WATER 
(ON WATER CONTENT BASIS) 


Intermoult 


Premoult 


Within 24 hr 
after moulting 


Postmoult 
2-14 days 


Male crabs 
Mean 
$.e. 
Range 
Number 


166-1 
+ 5-09 
140-189 


86-6 
+5-23 
66-105 


Female crabs 
Mean 
s.e. 
Range 
Number 


+4-90 
103-134 
7 


Both sexes 
Mean 
s.e. 
Range 
Number 


128-3 
+1°81 
113-160 

40 


+4-23 
140-189 
12 


119-8 
103-134 

10 


11 


TABLE 3—PROTEIN CONCENTRATIONS IN PLASMA IN mg/ml (g/I.) 


Intermoult 


Premoult 


Within 24 hr 
after moulting 


Postmoult 
2-14 days 


Male crabs 
Mean 
$.e. 
Range 
Number 


15-6 
+0°31 
13-17 


Female crabs 
Mean 
$.e. 
Range 
Number 


Both sexes 
Mean 
Range 
Number 


other crabs is mainly the result of interaction between the two processes of 
selective excretion by the antennal glands and control of the active uptake of this 
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ion through the more permeable membranes, but partly dependent on the presence 
and amount of protein, since about 15-20 per cent of the calcium in an intermoult 
animal is bound in a calcium-protein complex (Robertson, 1937, 1939; Webb, 
1940). Withdrawal of calctum and magnesium from the carbonate and phosphate 
salts of the exoskeleton in the premoult stage (Robertson, 1937) is probably partly 
responsible for the rise in concentration of these ions in the blood (Tables 1 and 2). 
It was noticed that animals in an advanced state of premoult tended to have higher 
calcium values than those at an early stage. A male crab in the act of moulting had 
a calcium value 188 per cent of sea water. 

Within 24 hr of moulting calcium values were already significantly below the 
intermoult level, and thereafter fell far below equilibrium with sea water. These 
latter values are almost certainly the consequence of withdrawal of calcium ions 
from the blood by the epidermis to be deposited as calcium carbonate in the new 
integument. Calcification begins at the tips of the appendages immediately after 
moulting, as can be verified by the action of dilute acid on pieces of cuticle. 

The fall in protein concentration immediately after moulting is due to dilution 
of body fluid, and the still further fall in animals up to 14 days after moulting 
suggests a certain sharing out of soluble protein with the enlarged cells of the 
tissues and/or utilization during this period of starvation. 

Confirmatory evidence for the increase in ionic concentration in premoult 
crabs was obtained by estimations of total base (Hald, 1934). This estimation is in 
milliequivalents and is not therefore an exact measure of osmotic pressure unless 
the proportions of divalent and univalent cations remain approximately the same. 
The proportion does vary slightly, the divalent ions Ca and Mg rising from an 
intermoult value of 11-0 per cent of the total cations to 14-4 per cent in the premoult 
specimens, falling to 12-8 and 9-8 per cent in the postmoult specimens within 
24 hr and 2-14 days respectively. However, independent estimations of total base 
in the plasma may be compared with the values obtained by summing the cations 
in the more comprehensive analyses. Expressed as a percentage of the value in 
sea water, the nineteen intermoult crabs of Table 1 have a calculated total base of 
98-7%, that of the five premoult crabs 106-9°%%. Actual determinations of total 
base in two other premoult specimens were 105-0°% (3) and 106-3% (2). Ina male 
crab in the act of moulting which was sacrificed when it had absorbed 8 g of an 
estimated 29 g sea water if it had been allowed to survive, the total base was 
105-2 per cent. A male specimen within 4 hr of moulting had a value of 100-9 per 
cent which may be compared with 99-7 per cent for the seven crabs in Table 1 
within 24 hr of moult. 

Determinations of total particle concentration (ions + organic molecules) with 
the Krogh-Baldes thermocouple and a sensitive galvanometer were made during 
the month of August on other crabs, most of them smaller than those used for 
ionic analyses. The standard deviation of a series of nine estimations on standard 
sodium chloride solutions of approximately the same vapour pressure as Millport 
sea water was 0-75 per cent. Results on these crabs (Table 4) show a pattern 
similar to that of the ionic analyses (‘Table 1): an increase in the premoult stage, a 
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TABLE 4—TOTAL PARTICLE CONCENTRATION OF PLASMA EXPRESSED AS PERCENTAGE PARTICLE 
CONCENTRATION OF SEA WATER (VAPOUR PRESSURE DETERMINATIONS BY KROGH-BALDES 
METHOD) 


Postmoult Postmoult 
within 12 hr 2-18 days 


Intermoult | Premoult 


3 100-00 105-15 103-36 97°87 

3 100-65 102-72 — 

104-41 103-20 99-38 
104°54 99-42 


100-6 
+0-18 


104-7 
+0:23 


103-0 
+0-16 


Each value is obtained from a different crab. 


TABLE 5—SOME ORGANIC CONSTITUENTS OF PLASMA 


Number mg/l. millimoles/I. 
Constituent and stage and sex 


Mean 


Non-protein « amino-N 
Intermoult 


Postmoult within 12 hr 1d — 32-0 2-29 
About 7 days 1° 27-9 1-99 
About 4 weeks 13 


Reducing sugar* 
Intermoult 10 0-89-8 50-3 0-28 
16-7-87-6 


170-275 


Premoult 


Postmoult within 24 hr 43 40-4-175 
1 


2-14 days 


OO» 


58:4-60-6 


Lactic acid 
Intermoult 


28-0-107 


Ul 


Postmoult within 12 hr 33 12-5-393 103-4 1:16 
2-7 days 2° 4-3-35-0 19-7 0-22 
About 4 weeks 1d 


* Calculated as glucose. 
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slight decrease a few hours after moult, and a fall below the level of osmotic 
equilibrium in later postmoult specimens. Only in the first of the three small 
premoult specimens was ecdysis judged to be imminent (within about 12 hr). 
Taken in conjunction with the ionic analyses, these measurements of total 
concentration imply that organic substances play a negligible rdle in the changes 
of osmotic pressure during the moulting cycle. This is borne out by the data of 
Table 5 on non-protein amino acids, lactic acid, and reducing sugar. The minor 
contribution of inorganic phosphate, bicarbonate and ammonium ions is also 
indicated (Table 6). Each of these constituents, excluding bicarbonate, con- 
tributes only up to 2 mg ions/I. or 0-2 per cent of the total osmotic concentration, 
bicarbonate less than 1 per cent. There are no clear differences in any of the sets 
of values between intermoult and postmoult crabs, but premoult crabs have higher 
concentrations of reducing sugar and inorganic phosphate than crabs of other 
stages. These are the only constituents for which data are available for premoult 


‘TABLE 6—SOME MINOR INORGANIC CONSTITUENTS OF PLASMA 


191 


mg ions/]. 


Constituent and stage 
Mean 


Premoult 


Inorganic phosphate (as P) 
Intermoult 0-52 


0-76 


0-61 
0-41 


Postmoult within 24 hr 


0-93 
0-64 


2-14 days 


1-42 


Bicarbonate 
HCO, 


Postmoult 


Intermoult 


oO 


Ammonium 


NH, 


Intermoult 


specimens. Drilhon (1935) has previously found higher values of glucose and 
inorganic phosphate at the premoult stage of the spider-crab Maza squinado, and 
Hollett (1943) also in Homarus americanus in respect to inorganic phosphorus. 
Renaud’s (1949) values for glucose in premoult Cancer pagurus are twice as high 
as in premoult Carcinus, but the fluid analysed is presumably whole blood (“‘liquide 
cavitaire’’), not plasma. 
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Ill. IONIC AND WATER BALANCE 


1. Intermoult animals 

The secretion by the antennal glands of a fluid isosmotic with the blood and 
amounting to about 5 per cent of the body weight per day (24 hr) is balanced by 
the absorption of an equivalent volume of fluid through the gills (Webb, 1940). 
While the precise composition of the fluid absorbed is unknown, it would seem 
from the composition of the blood that sodium, potassium, calcium and chloride 
must be taken up actively against concentration gradients, while magnesium and 
sulphate may enter by diffusion. 

The results of balance experiments on three crabs are given in Table 7. With 
respect to sodium, chloride and magnesium the crabs are essentially in balance 
within the accuracy of the analytical methods, the output through the antennal 


‘TABLE 7—IONIC BALANCE IN INTERMOULT PHASE 


Uptake (+) or output (—) in mg 
Weight Period 
g in days Na K Ca Mg Cl SO, 
107-9-106-9 | 1-7 Actual [—18] | —10 —10 [+4] | [-5] —40 
Antennal —363 | —11:5| —15:5 | —58-8| -—612 | -111 
gland 
secretion* 
106-9-106-4 | 8-14 | Actual [+22] | -—11 —12 [-—6] | —35 —24 
A.g. sec.* —360 | —11-4| —15-4| —58-4]} —608 | —111 
114-7-112:9 | 1-7 Actual [—3] —13 —16 [—5] —35 —29 
3 A.g. sec.* —384 | —12-:1| —16-4| —62-3|} —649 | —118 
112-9-113-5 | 8-14 | Actual [-—8] —8 [-1] [+8] | [-—5] —18 
A.g. sec.* —382 | —12-1] —16°3 | —62:0| —645 | —117 
73-9— 724) 1-9 Actual [+9] —12 —19 [0] [—5] —46 
Q A.g. sec.* — 247 —7:8 | —10°5 | —40-0| —417 —75:8 


Crabs were kept individually in 500 ml sea water containing in mg Na 5022, K 182, Ca 192, 
Mg 606, Cl 9050, SO, 1263. Uptake or output is not significant [ ] unless it exceeds the following 
values: Na 24-1, K 3-8, Ca 2-1, Mg 7-5, Cl 11-5, SO, 15-2. 

* Calculated figures, based on average composition of this secretion, and average uptake of fluid, 
4-7 per cent of body weight per 24 hr (Webb, 1940). 


glands and other possible sources such as the gut being offset by uptake of similar 
quantities of ions, the sodium and chloride against the concentration gradient. 
Potassium balance over a weekly period is negative, and most of the loss would 
seem to be in the secretion from the antennal glands. Calcium is also lost from 
the crabs in small quantities which are usually less than the amounts calculated 
as being excreted, so a slight uptake must have taken place, in the male specimens 
at least. Results with sulphate show a net loss of this anion, but from the quantity 
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excreted by the antennal glands it is clear that considerable uptake must take 
place, perhaps as much as some 40-80 per cent of the total excreted. 


2. Animals at moult 


While a slight intake of water takes place towards the end of the premoult stage, 
the greatest intake is during the actual process of moulting. This absorption of 
water was measured in four specimens by weighing them in the premoult stage 


TABLE 8—IONIC AND WATER BALANCE DURING AND IMMEDIATELY AFTER MOULTING 


Uptake (+) or output (—) in mg 


Initial weight of 
crab, and water 


absorbed Na K Ca Mg Cl SO, 


47-31 9; 0-2hr after 
moulting; absorbed 
20-2 g water Theoretical for 

sea water 199 72 7-6 24 359 | 50 


Actual uptake +180 +9 —3 +23 | +344] +42 


Difference* —11 


About 30 g 9; 12 hr | Actual uptake +244 | +12 +4 +33 | +473 | +73 
before to 12 hr after 
moult; absorbed Theoretical for 

26-6 g water sea water 263 955 10-0 32 473 66 


Difference* 


g without 
chelipeds; 1 day be- 
fore to 1 day after | Theoretical for 
moulting; absorbed sea water 263 9°5 10-1 32 474 66 
g water 


Actual uptake 


Difference* —31 | [+3] | +5 |[-1)] -33 | [-14] 


31-4 g J; 12 hr before 
to 64 hr after moult- 
ing; absorbed 30-1 g | Theoretical! for 
water sea water 295 10-7 11-3 36 532 75 


Actual uptake +292 | +22 +18 +40 | +531 +74 


Difference* | +11 +7 1[+4]| [-1]) |] [0] 


In these four crabs the total mg ions of the plasma as percentage of those in sea water were 
102-8, 104-4, 105-1 and 100-0 respectively. 
* [ ] denotes a difference which is not significant. 


within a few hours of moulting and then reweighing them with their cast skins 
after moulting. By keeping the crabs in a known volume of sea water and analysing 
the sea water after the absorption, an estimate has been obtained of the ions 
absorbed with the water (Table 8), although the figures refer strictly to the actual 
balance, and may include slight losses of calcium from the exuvial fluid or old skin, 
or small amounts of antennal gland secretion, etc. 


4 
ag 
: 
: 
ol. 
| 
- 
[-—19] | [+2] —6 [+1] (0) | [+7] 
| | | | 
tay 
* 
: 


194 


James D. ROBERTSON 


In general, the data are consistent with the view that the water absorbed is 
essentially sea water. The concentrations of sodium, potassium and chloride in 
three of the four cases, and of magnesium and sulphate in all, remain unchanged 
per unit volume in the sea water, demonstrating that these ions are taken up in the 
same proportions as exist in sea water. Calcium in the first crab is not absorbed 
but definitely “‘excreted’’, an output of 11 mg probably coming from the exuvial 
fluid; but in the third and fourth specimens an absorption of this ion has taken 
place in greater amounts than are present in the water taken up. This is the 
beginning of the absorption of this ion which continues well into the postmoult 
phase (Robertson, 1937). In the fourth specimen which absorbed 30-1 g (29-4 ml) 
sea water, potassium equivalent to the amount present in 60 ml sea water was 
absorbed in three days. 

Estimation of salt and water absorption from changes in weight and analyses 
of the external medium shows uptake of fluid and ions into the body as a whole. 
Absorption from gut and hepatopancreas into the blood and tissues is discussed 
below (III. 4 and IV. 2). 


3. Postmoult animals 


From Table 9 it is seen that after the moult in a 50 g specimen estimated losses 
of sodium, magnesium and chloride in the secretion of the antennal glands are 


TABLE 9—IONIC BALANCE IN POSTMOULT PHASE 


Weight Period after Uptake (+) or output (—) in mg 
g moult 


Na K Ca Mg Cl SO, 


2nd-13th day | Actual — 38 | +36 | [—5] | [—10] | —35 


Antennal 
gland 
secretion* 


—262 | —10 | -—441 | -—73 


* Calculated values, based on the assumptions that the output is 4:7 per cent of the body weight 
per day and bears the same proportional relationship to the plasma as found by Webb (1940) in the 
intermoult phase. 

[ ] denotes not significant. 


counterbalanced by approximately equivalent absorption of these ions, while there 
remains a net loss of potassium and sulphate. Calcium ions have been taken up 
greatly in excess of probable loss through the glands. The value in the 500 ml 
sea water fell from 0-384 to 0-312 mg Ca/ml. 

Possible experimental error rules out any exact estimate of the electrostatic 
balance. While it is probable that some of the Na* ions are associated with SOj- 
ions in the net excretion of these ions, and possible that another fraction of the 
Na* ions is exchanged for incoming Ca®* ions, any quantitative values which may 
be theoretically calculated are subject to the possible error in the estimation of 
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sodium. As mentioned in the introduction the mean of duplicate estimations of 
sodium at the end of the experiment must differ by more than 0-48 per cent from 
the theoretical value in the original sea water to be significant at the -05 level. In 
the solution containing 5022 mg Na in 500 ml, this amount would be 24 mg; thus 
the value of 38 mg may be subjected to an error of up to + 24 mg. 

Robertson’s (1937) data, with further additions, on the absorption of calcium 
ions by postmoult crabs are summarized in Table 10. Crab number 3, which is the 
specimen in Table 9, shows rather poor absorption compared with other crabs of 


TABLE 10—ABSORPTION OF CALCIUM IONS BY SOFT POSTMOULT CRABS 


Final Ca 
concentration 
Crab} Weight (g)| Period | Ca absorbed (mg) mg/ml 


and sex | in days 


Average 
Total | per day | Plasma | Sea water 


Carcinus maenas 


1 37-4 3 14 98 7:0 0-242 0-333 
2 38:7 & 14 126 9-0 — 0-333 
3 50-3 2 11 36 0-312 
+ 52-4 3 14 154 11:0 0-213 0-326 
5 56°3 J 7 63 9-0 — 0-324 
_ 55:7 3 14 125 8-9 0-192 0-130 
6 64-9 5 14 172 12-3 — 0-350 
7 87-9 187 0-326 


Cancer pagurus 


1 26-4 2 7 52 0-285 


| 


Hyas araneus 
1 | 24-1 9 7 20 a9 — 0-348 


Specimens were kept in 1 |. sea water, Ca 0-388, Cl 18-27 mg/ml (g/I.), except no. 3 and the 
Cancer and Hyas specimens which were in 500 ml. The water was changed at the end of 7 days in 
the experiments with specimens 1, 2, 4, 5* and 6, three times in the case of specimen 7. 

* Same specimen as no. 5, but kept in 50 per cent sea water (Ca = 0-194 mg/ml) instead of full- 
strength. 


approximately the same weight. It had been kept in 500 ml sea water, and the 
reduced calcium content towards the end of eleven days (0-312 mg/ml) may have 
been slowing the absorption. Reference to Table 2 shows that in postmoult crabs 
the calcium of the blood falls below the sea water value in most cases, the range in 
eleven specimens being 66-105 per cent with a mean of 87-3+4-11. Thus the 
inward diffusion of calcium ions according to the concentration gradient is possible 
at this stage, but it is doubtful whether this physical process can account for the 
whole of the absorption. In the case of specimen 5* active absorption must have 
taken place, since the concentration gradient in 50 per cent sea water precluded 
diffusion, the plasma value being 0-192 mg Ca/ml compared with 0-130 in the sea 
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water at the end of the experimental period. In the sea there is no chemical limit 
to the absorption of calcium ions by soft postmoult crabs, and the value in sea 
water is not measurably reduced as it is in these experiments using small volumes 
of sea water. 

In these postmoult crabs, calcium is probably being withdrawn by the epidermis 
from the plasma to be deposited as calcium carbonate, and, to a small extent, 
calcium phosphate, in the new integument. This continuous withdrawal of calcium 
from the blood for calcification reduces the calcium concentration during this 
period, enabling continuous absorption from the external medium to take place 
by diffusion, supplemented, in some cases at least, by active uptake. In two crabs 
analysed by Robertson (1937) 1-2 weeks after moulting, over half of the calctum 
in the hardening integument came from sea water, the remainder coming from 
stores in the soft tissues, chiefly the hepatopancreas. 


4. The absorption of water 

In eight instances in which premoult crabs were weighed the day before moult 
and again 1—2 days after moult, together with the cast skeleton, direct estimations 
of water absorbed were obtained (‘Table 11). These proved rather variable in 


‘TABLE 11—THE ABSORPTION OF WATER 


Carapace width Weight Water absorbed 


As % 
Premoult | Postmoult % Premoult | Postmoult* | Actual premoult 
cm. -m. increase g g g wt. of crabs 


4-05 11-9 16°82 21-83 9-15 54-4 
4-43 5°63 12-7 20-00 33-70 18-02 90-1 
5-10 11:8 41-77 19-01 59-9 
15 11:5 30°12 38-90 16°35 54-3 
12-4 31-38 52-96 30-10 
“35 12:0 32-687 50-27 26°76 81-9 
50 12:2 47°31 55-81 20-22 42:7 
11-3 68-58 86-53 35-25 51-4 


Oy Oy Oy Oy 4004 OY 


Mean 12-0 66°3 
s.d. 0-46 20-0 


* Excluding cast skin. + No chelipeds. 


relation to the original weight, ranging from 43-96 per cent, with a mean of 66-3, 
s.d. 20-0. The weighing of the cast skin must be done after careful drying of its 
constituent parts with filter paper, otherwise water remains in the hollow legs, 
chelipeds and endophragmal skeleton to give falsely high values. Travis (1954) 
remarks that the membranous layer attached to the inside of the exuviae holds 
large amounts of water after it is shed in the lobster Panulirus. 
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Calculation from the data of a previous paper (Table XII, Robertson, 1937) 
shows that the cast skin forms 46-2 per cent (range 38-4-51-1) of the total dry 
weight (which includes salts of absorbed sea water); Lafon’s (1948) figures for 
Carcinus are 47-5 per cent (range 44-1—50-2). On a fresh weight basis the exuviae 
constitute about 23-9 per cent of the premoult weight. 

Water uptake can also be determined indirectly from the water contents of 
premoult and postmoult crabs, taking into account the cast skeleton and the salts 
of absorbed sea water. In six specimens a mean water uptake of 77-1 per cent of 
the premoult weight (range 61—96) has been calculated from previous data (‘Table 
VI, Robertson, 1937) and another example, in fair agreement with the directly 
measured mean uptake of 66-3 (range 43-96). A round figure of 72 per cent has 
been used in certain calculations given below. Presumably, the variability in the 
amount of sea water absorbed, as shown by these data, depends on variations of 
the surface area of the epidermis and new cuticle prior to moult, especially the 
degree of wrinkling, features which perhaps have a nutritional basis. Absorption 
of water would thus end when the new skin was fully filled out. 

The blood or haemolymph into which the sea water is absorbed is the major 
extracellular fluid of Carcinus and other decapod crustaceans. Somewhat variable 
are the amounts of digestive juice and antennal gland secretion, which together 
may amount to about }~4 the volume of the blood in Carcinus. A small amount of 
interstitial fluid appears to be present in the tissues, a fluid lacking haemocyanin 
but into which injected sucrose or inulin diffuses. 

Direct measurements of blood by exsanguination give low results because of 
the difficulty of removing it from the appendages and the endophragmal skeleton; 
and the extracellular blood in the muscle and hepatopancreas can be determined 
only indirectly. In one intermoult male crab of 135 g careful collection by pipette 
and filter paper gave a weight of blood of 27:34 g, equal to 26°83 ml, and of 
digestive juice 7-61 g, equal to 7-52 ml. Expressed in relation to a 100 g crab, these 
volumes are 19-87 ml and 5-57 ml respectively, a total of 25-4 ml. To this must be 
added the extracellular fluid of the tissues, and the blood still unrecovered from 
the appendages and around the endophragmal skeleton. 

Determinations of the volume of extracellular fluid in Carcinus have been made 
by injecting a known quantity of a substance believed not to enter cells, and 
measuring its concentration in the blood after complete mixing. In a male specimen 
of 77 g into which 0-5 ml isosmotic sucrose solution was injected into the base of 
a leg, the volume of distribution of the sugar after one hour was 24-0 ml, or 31-2 
ml per 100 g. The inulin spaces in three male crabs of rather more than 100 g 
each were 30-2, 33-9 and 34-9 ml per 100 g after 5 hr. Volume of extracellular 
fluid thus averages 32-6 ml in the four cases. These figures may be compared 
with three previous values, 33-2 ml in the crab Eriocheir (Krogh, 1938, using 
ammonium thiocyanate), and 35 ml and 36 ml in Carcinus; in the first case from 
the volume of distribution of sodium iodide (Nagel, 1934), and in the second 
from determination of total body chloride, assuming negligible quantities of 
chloride in the cells (Webb, 1940). The value based on chloride is somewhat high 
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because the intracellular chloride of Carcitnus muscle is about 1-9 mg Cl/g water 
(Shaw, 1955), and because the cuticle of the integument contains significant 
quantities of this ion, even after it has been rinsed in distilled water: for example, 
in one specimen 7-4 mg Cl/g water in the carapace cuticle. Nagel’s value is 
probably too high also, as the relatively small iodide ion will probably diffuse into 
any cells to which the chloride ion has access. 

Some idea of the fate of the water absorbed by a moulting crab may be gained 
from calculations on an average premoult specimen, on the assumption that it has 
a volume of extracellular fluid similar to that in an intermoult animal, 32-6 ml per 
100 g crab (the true value at the premoult stage is probably somewhat less), that 
it absorbs sea water amounting to 72 per cent of its weight, and that it loses an 
exoskeleton of 23-9 per cent of its original weight. A crab weighing 50 g with an 
extracellular fluid volume of 16-3 ml (15-5 g H,O) weighs 38-0 g excluding its old 
exoskeleton just prior to moult, absorbs 36 g (35-2 ml) of water at the moult and 
now weighs 74-0 g. If all the water absorbed becomes extracellular fluid (chiefly 
blood), the new volume of this fluid would be 16-3 + 35-2 =51-5 ml, representing a 
dilution of the original blood by 2-16 parts water. From the mean protein figures 
in Table 3, however, a fall in protein from 53-2 g/l. in the premoult crab to 21-6 g/l. 
in postmoult crabs within 24 hr of moulting suggests dilution of the blood with 
only 1-46 parts of water. Dilution with 2-16 parts would give a concentration of 
16-8 g protein/l. ‘This discrepancy leads to the conclusion that not all the water 
taken in remains extracellular, some 11-4 ml probably being absorbed by the cells 
of the soft tissues, such as muscle and digestive gland. In support of this are 
estimations of the water content of the whole digestive glands: in three intermoult 
crabs values were 71-4, 71-6 and 72-0 per cent, and in three soft crabs 83-6, 83-8 
and 84-4 per cent. ‘These values, of course, include some extracellular fluid. 

A similar inference can be drawn from the reduction in total ionic concentration 
from a mean value of 107-5 per cent of the sea water concentration in the premoult 
stage to 102-9 per cent within 24 hr after moult (Table 1). If sea water were 
absorbed wholly into the blood (strictly, extracellular fluid), dilution of that fluid 
with 1-59 volumes would be sufficient to account for the reduction in concentration 
of the plasma. But the sea water absorbed is slightly more than twice the volume 
of the blood, therefore some of it, about 9-3 ml of the 35-2 ml absorbed by a 50 g 
crab, must be absorbed by the cells. 

Since only about half of the intracellular osmotic concentration in decapod 
muscle can be accounted for by inorganic ions (Krogh, 1939; Robertson, 1957; 
Shaw, 1958), considerable relative adjustment of the inorganic and free amino acid 
fractions is necessary in the cells, when water and salts are absorbed and the 
osmotic concentrations lowered. 

Both these calculations are in general agreement, and indicate that 9-3—-11-4 ml 
of the 35-2 ml sea water absorbed by a 50 g crab are taken up by the cells. These 
figures are averages, and variations are considerable. 

A further calculation may be made to illustrate the water—dry weight relation- 
ship during the moulting cycle. The density of late intermoult Carcinus may be 
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taken as 1:18. Drach (1939) gives 1-17 (mean of five) and Lowndes (1942) 1-21, 
while my own measurements for five males of 17-44 g range between 1-15 and 
1-20, with a mean of 1-177. Six freshly moulted Carcinus (weight 16-32 g) hada 
mean density of 1-053 (Drach records 1-040). 

A crab of 50 g (33-3 g H,O) absorbs 36 g sea water (34-8 g H,O), loses an 
exoskeleton of 12-0 g (7-06 g dry wt.); its new weight is 74-0 g and its water content 
63-2 g or 85-4 per cent of its fresh weight (cf. 85-6-88-0 per cent, Robertson, 1937). 
At first its density is about 1-05 and volume 70-5 ml. Retaining this volume by 
calcification of its new exoskeleton, it gradually increases its weight by laying down 
calcium and magnesium salts and new organic matter, until at the end of the 
intermoult phase its density is about 1-18. From its volume, still approximately 
70-5 ml, the weight may be calculated to be 83-2 g. The increase in weight, 83-2- 
74-0 or 9-2 g, represents only part of the new organic matter and salts, since a 
further fraction replaces some of the water in the postmoult crab, reducing the latter 
from 63-2 g in a 74-0 g animal to a value 65-4 per cent of the final weight of 83-2 g, 
i.e. from 63-2 g to 54-4 g. 

Figure 1 illustrates the changes in water and dry weight during the moulting 
cycle. The loss of organic matter and gain of water in the premoult crab are 


Extracellular water 


Intracellular water 

and water of cuticle 
Organic matter and 
or salts (dry weight) 


FOld 9-8 
Skin 14-0 


Units of weight 


26:8 


29:-8= 29:-8= 


19-2| 19-2) 


Late Pre-moult At moult Post moult Late 
intermoult | within 2 days intermoult 2 
(Woter 65-4%)(Water 667%) (Water 85-4%)(Water 65:4 %) 

100 99-6 147-5+238 147-5 1658 


Fic. 1. The moulting cycle of Carcinus maenas based on mean data from specimens of 
medium weight (17-92 g). Brackets indicate approximate figures. 


calculated on the basis of the utilization of equal quantities of fat and carbo- 
hydrate during two weeks when the animal does not feed (oxygen consumption 
50 cubic mm/g/hr at 12°C). 
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IV. SITE OF WATER AND SALT ABSORPTION 


1. Intermoult crabs 

In intermoult Carcinus urinary output through the antennal glands reaches a 
volume equivalent to 5 per cent of the body weight per day, and this is balanced 
by the uptake of a similar amount of water and salts apparently through the gills 
(Webb, 1940). After the openings of the antennal glands are plugged, there is no 
noticeable difference in the increase in weight between specimens with the mouth 
closed and others with the mouth open; this suggests that the gut is not a significant 
pathway for the water and salt transfer. The closing of the mouth makes no 
difference to the uptake of iodide when Carcinus is kept in sea water containing 
sodium iodide (Nagel, 1934). ‘These two facts suggest that most water and ion 
exchange takes place through the gills, since the calcified portion of the integument 
is relatively impermeable to ions (e.g. to iodide, Berger & Bethe, 1931). 

However, the gut may play some part during feeding, when ingestion of some 
sea water must be almost inevitable, and perhaps to a small extent under non- 
feeding conditions. ‘This latter possibility was investigated by keeping intermoult 
crabs in sea water coloured with phenol red, and then examining the foregut for 
ingested fluid, and the yellow-brown digestive secretion for the indicator. This 
dye does not seem to be absorbed by the cells of the gut, and it can be identified 
in coloured and slightly acid fluids such as the digestive juice (glass electrode pH 
value about 5-8) by adding 1 per cent sodium bicarbonate to obtain the full red 
colour in alkaline solution. An approximate measure of its concentration can be 
obtained by suitable dilution and matching in capillary tubes. 

Table 12 gives the results. It may be noted that when fluid was present in the 
foregut the amounts were small, of the order of 0-2—0-3 ml, although one had 
0-5 ml. In three cases, sufficient digestive juice could not be obtained for examina- 
tion. The two crabs with traces of phenol red in the digestive juice had a con- 
centration of the indicator in the foregut about half the sea water level; these crabs 


TABLE 12—INTERMOULT CRABS KEPT IN SEA WATER WITH PHENOL RED FOR PERIODS OF 8 hr TO 
3 DAYS 


Fluid in foregut | Phenol red in foregut | Phenol red in digestive juice 


Number 
of crabs | Present | Absent| Present | Absent Present | Absent | Unexamined 


13 9 4 6 Ks 4* 6 3 


* In two of specimens, minute trace only. 


had been three days in the sea water. The openings of the antennal glands of three 
of the crabs were sealed with dental cement, and in two cases after 8—9 hr the 
concentrations of phenol red in the foregut fluid and in the digestive juice were 
half to two-thirds that in the water. Perhaps these particular results should be 
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discounted somewhat owing to the much greater degree of handling, which 
possibly leads to a gulping of sea water when the crabs are replaced after the 
hardening of the dental cement. 

Since the concentration of sulphate in plasma and sea water is markedly 
different, sulphate analyses of the fluid in the gut were made to clarify the position 
about absorption of the medium. Table 13 shows that the value of this ion in the 


TABLE 13—SULPHATE CONCENTRATIONS (IN mg/ml) OF TWO BODY FLUIDS IN INTERMOULT 
CRABS KEPT IN PHENOL RED (PR) SEA WATER 


Plasma | Fluid in | Sea water Duration, etc. 
foregut 


1:72 . 53 hr, PR present 
1-80 . 53 hr, PR absent 
2:78 ; 3 days, PR present 
1-87 . 9 hr, PR present 
2:09 . 8 hr, PR present 


* Antennal glands plugged with dental cement. 


brown foregut fluid is higher than that in the plasma in three cases where the 
presence of phenol red indicated some absorption of sea water, and in two of the 
specimens is intermediate between the values in the sea water and plasma. In a 
further specimen which had a pink foregut fluid (pH ca 7-0) 8 hr after being placed 
in phenol red sea water, the sulphate content of the fluid was 2-09 as against 2:53 mg 
SO,/ml in the sea water. 

The data in Tables 12 and 13 suggest that ingestion of sea water in intermoult 
crabs is not universal, but when it occurs the sulphate concentrations of the 
absorbed fluid decrease in the foregut, presumably as these ions are absorbed into 
the blood. 

So far no analysis has been given of the fluid in the digestive diverticula or 
hepatopancreas. This is a dark brown liquid whose composition varies with the 
state of feeding and the stage in the moulting cycle of the crab. Since the organ is 
one of absorption as well as secretion, the fluid in the tubules will contain products 


TABLE 14—COMPOSITION OF DIGESTIVE JUICE (HEPATOPANCREATIC FLUID) AND PLASMA IN 
INTERMOULT MALE Carcinus 


Concentrations as % of sea water values 
(on water content basis) 


Body fluid 
Total 


K Ca SO, | mg ions 


Plasma 117-0 | 121-4 56-1 100-7 
Digestive juice 205-0 | 201-5 75:3 97-9 


Cl of sea water = 18-67 g/kg water. 


i 
Crab 
2 1-85 
3-4 1-16 
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of digestion after a meal as well as the digestive enzymes and other secretions. 
Table 14 gives mean data from two sets of paired analyses of plasma and hepato- 
pancreatic secretion, one set from a large male Carcinus and the other from the 
pooled fluids of five male crabs. ‘The crabs had been without food 2-7 days. 

The principal points of difference in inorganic composition are the high 
potassium and calcium contents of the juice: presumably the first is due to the 
partial breakdown of cells with a high potassium content during the process of 
secretion, or to a high potassium concentration in the secretion droplets; the 
second may be due in part to the liberation of some of the calcium phosphate 
spherules of the gland, a supposition supported by finding 8-6 mg ions P/I. (mostly 
H,PO,, about 9-9-5 m-equiv.) in another sample. A further striking difference in 
other specimens is a much higher content of ammonium ions in the hepato- 
pancreatic fluid, 17-1 mg ions /l. in pooled fluid from four male crabs compared 
with 0-27—0-82, mean 0-52 mg ions, in the plasma of the same crabs, the determina- 
tions being made within 24 hr of a feed of Mytilus. No volatile amines were found. 
Presumably the gut is the pathway for excretion of most of the ammonium ions, 
which constitute about 86 per cent of the total nitrogenous excretion in Carcinus 
according to Needham (1957). 

In general a difference of two pH units exists between digestive fluid and plasma 
in crabs, usual values being pH 7:8 in the plasma and pH 5:8 in the juice (glass 
electrode measurements). 

No information has been obtained on the absorption from the hepatopancreatic 
fluid of ions liberated during the digestion of food or present in the traces of sea 
water occasionally absorbed. 


2. Crabs at moult 


Experiments with crabs kept in phenol red sea water during the moult gave 
unequivocal results. In all of seven specimens examined 1-5—20 hr after the actual 


TABLE 15—MAGNESIUM AND SULPHATE CONCENTRATIONS (IN mg/ml) OF VARIOUS BODY FLUIDS 
OF CRABS IMMEDIATELY AFTER MOULTING 


Crab | Plasma | Fluid in | Digestive | Sea water} Period after 
foregut juice moult 
Meg 
1 0-659 1-462 1-999 1-268 Within 12 hr 
y 0-430 1-215 1-451 1-224 Within 20 hr 
3 0-283 -- 0-957 1-203 Within 64 hr 
SO, 
2 0-85 4:14 12-1 2°573 Within 20 hr 
3 0:59 17-5 2:526 Within 64 hr 
0:59 8-6 2-596 Within 2 hr 
0-72 2°41 2-618 Within 2 hr 
6 0-78 4-55 6-05 2-540 Within 12 hr 
0-93 4-85 2-540 Within 12 hr 
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ecdysis, red-coloured sea water was present in the foregut in considerable 
quantities, and the indicator was detected in the brown digestive juice in the five 
cases where its presence was investigated. An eighth specimen 64 hr after moulting 
had a brown fluid in the gut, owing to admixture of the ingested sea water with 
digestive juice. Phenol red was present both in the foregut fluid and in the 
digestive juice; in the latter it had been concentrated to 7-8 times its original value. 
Table 15 gives data on magnesium and sulphate in the body fluids of most of these 
specimens. Magnesium seems to be concentrated somewhat in the foregut fluid, 
and, up to the first day after moulting, in the digestive juice. Sulphate values 
exceed those in the sea water in four of the five estimations of the fluid in the 
foregut, and also in the three estimations of the digestive juice, in one of which was 
found a seven-fold concentration, in the crab 64 hr after the moult. 

In general, amounts of fluid in the foregut were considerably greater than in 
any of the intermoult crabs, in one over 1 ml, and the volume of digestive juice 
obtainable from the two openings of the digestive diverticula was also greater. 


TABLE 16—COMPOSITION OF PLASMA AND DIGESTIVE JUICE IN A POSTMOULT CRAB WITHIN 
64 hr OF MOULTING 


Concentrations as °4 sea water values 
(on water content basis) Water 


Body fluid 


Total 
Na K Ca Mg Cl SO, | mg ions | mg/ml 


Plasma 111-5 | 120-9 87-9 | 23-8 | 101-2 | 23-8] 100-0 966 
Digestive juice | 135-1 | 168-0 | 241-4 | 80:5 | 63-9} 705-0} 113-3 964 


Cl of sea water 18-42 g/kg water. 


Sufficient digestive juice was obtained from one of the postmoult crabs for the 
determination of the principal ions (Table 16). All the cations exceeded those in 
the plasma, and, with the exception of magnesium, those in the surrounding sea 


TABLE 16A—TOTAL mg IONS/kg WATER 


Calculated values for isosmotic solutions on 
Actual basis of actual composition of fluids in 
respect to K, Ca, Mg and SQ, 


Sea water 1060 1060 
Plasma 1060 1050 
Digestive juice 1201 1177 - 


water; the chloride and sulphate anions amounted to 710 m-equiv/kg water, 
compared to 745 m-equiv. cations. The rise in sulphate is offset by reduction in 
chloride, and the total concentration of all ions is much greater than that in the 
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plasma or the sea water. At first sight this suggests marked disequilibrium, but it 
must be noted that the osmotic properties of the extra Na* and SO,?~ ions are poor 
compared with the Na* and Cl~ ions they can be considered as replacing (Robertson, 
1949). Working on the basis of isosmotic solutions of the salts NaCl, KCl, CaCl,, 
MgCl, and Na,SO,, I have calculated as follows (‘Table 16a): 

(1) An artificial plasma with the same concentrations of K+, Ca?*, Mg?* and 
SO,?> as the real plasma but isosmotic to the sea water would have concentrations 
of Na* and Cl~ at 109-4 and 101-1 per cent respectively, with a total concentration 
of 1050 mg ions compared with 1060 for the sea water; since the actual plasma had 
a value of 1060 mg ions, it was probably about 1-0 per cent hyperosmotic. 

(2) Similarly, a synthetic digestive juice with the same concentrations of K*, 
Ca?*, Mg?* and SO,?~ as the real digestive juice would have Na 128-4 per cent and 
Cl 65-1 per cent, and a total concentration of 1177 mg ions, although isosmotic with 
a sea water of 1060 mg ions; this implies a hyperosmoticity of the real digestive 
juice (1201 mg ions/kg water) of about 2-0 per cent. 

The data in Tables 16 and 16a relate to the crab whose original premoult 
weight was 31-4 g and for which information on absorption of ions up to 64 hr after 
ecdysis is given in Table 8. Assuming that this premoult crab had 2 ml digestive 
juice with the same relative proportions of ions to the plasma as the intermoult 
specimens of Table 14, but with absolute values calculated from the plasma data 
of the premoult stage (Table 1), assuming also a volume of fluid in the foregut and 
hepatopancreatic tubules of 3 ml after ecdysis, it can be calculated that of the total 
ions in 30-1 g (29-4 ml) sea water taken up by the crab 96-100 per cent of the 
potassium, calcium, magnesium and chloride have been absorbed into the blood 
and tissues, but only 93 per cent of the sodium and 32 per cent of the sulphate. 
The fact that about 68 per cent of the sulphate remains unabsorbed emphasizes 
the slowness of penetration of this ion through the lining epithelium of the tubules. 
This slowness of absorption of SO,?~ ions coupled with the maintenance of approxi- 
mate isosmotic equilibrium between the digestive juice and plasma during absorp- 
tion brings about the reduction in Cl~ ions and increase of Na* ions in the juice, 
features stemming from the physicochemical requirements of electrostatic balance 
and osmotic concentration. 


V. DISCUSSION 

Osmotic pressure data on the blood of crustaceans at different stages of the 
moulting cycle are few, and relate chiefly to species which maintain a hypo- 
osmoticity in sea water of normal strength. Baumberger & Olmsted (1928) found 
that the grapsoid crab Pachygrapsus crassipes in sea water of A1-98°C had a mean 
tissue fluid value of A1-33° in intermoult specimens, 1-89°-2-60° in specimens 
preparing to moult, and 1-76° in postmoult specimens. The authors did not 
investigate the mechanism of the increase in osmotic pressure prior to moult, but 
Baumberger & Dill (1928) attempted to do this in Callinectes sapidus, a euryhaline 
portunid crab. The sea water in this case was far more dilute, A1-10°, but here 
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again two crabs withdrawing from their old skins had freezing points of — 1-89° 
and —1-67°, and a third 1 hr after moulting — 1-23°, compared with — 1-38° in a 
hard crab. 

These authors investigated one of the suggestions of Baumberger & Olmsted 
that breakdown of glycogen to glucose and lactic acid may be responsible for rise 
in osmotic pressure just previous to the moult, but found no striking increases in 
total glucose in animals approaching moult. They accordingly suggested another 
hypothesis, based on the conversion of glycogen and phosphate to hexose diphos- 
phate, the breakdown of this compound to lactic acid, hexose and inorganic 
phosphate, which would result in decreasing the freezing point by a third of a 
degree in a quoted case of an animal with 0-55 per cent glycogen. 

The weakness of this work on Pachygrapsus and Callinectes lies in the fact that 
the tissue fluids used in the freezing point experiments were obtained by squeezing 
the animals, and must have consisted of a mixture of blood and juices from the 
hepatopancreas and muscles. While these fluids may be isosmotic, muscle juice 
must differ markedly from the blood in proportions of inorganic ions to organic 
molecules. The suggested scheme for the raising of the osmotic pressure has not 
been supported chemically. In other species such as Maza squinado (Drilhon, 
1935) and Carcinus maenas (Tables 5 and 6 of this paper), the increases in glucose 
and inorganic phosphate found in the blood of premoult crabs would raise the 
osmotic pressure by at most 0-2 per cent, a negligible amount. From the data on 
lactic acid in Table 5, it is also very unlikely that lactic acid increase at moult 
would raise the osmotic pressure by more than 0-4 per cent in Carcinus. 

Previous data on changes in the total concentration of the blood of Carcinus 
at different stages of the moult seem to be confined to an observation of Schwabe 
(1933) that in two animals moulted 4-5 days the blood concentration was about 
1-3 per cent less than the surrounding sea water, whereas five intermoult crabs 
were about 2-3 per cent hyperosmotic. The data presented in this paper show 
conclusively by vapour pressure measurements and by chemical analyses that the 
plasma is hyperosmotic in the premoult stage by as much as 7:5 per cent, and that 
this increased osmotic concentration is due mainly to increases in Na*, Ca?*, Mg?* 
and Cl- ions over intermoult values. At any stage of the moulting cycle, the con- 
tribution of organic substances such as proteins, free amino acids, reducing sugar 
and lactic acid to the total concentration of ions and molecules in the plasma is 
unimportant, perhaps at most constituting 0-5 per cent. 

How this increased salt content is brought about is not definitely known. An 
increased active absorption of Na* and Cl- by the gills and possibly the alimentary 
tract, more than compensating for loss of these ions in the secretion of the antennal 
glands and by outward diffusion, is a possibility, while Ca** and Mg?* ions may 
increase by resorption from the old integument. Indeed, the integument is a 
possible source for some of the Na* and Cl~ ions. For example, the carapaces of 
two intermoult crabs, freed from epidermis, rinsed in distilled water and then 
dried with filter paper, proved to contain 3-07 mg Cl/g fresh wt, or about 8-8 mg/g 
water content. If the Cl~ ions with associated Na* ions were withdrawn during 


A 

é 

ol. 1 
ol. 
960 
pein 

‘ 


206 James D. ROBERTSON 


resorption from the cuticle without water, very considerable increases in the osmotic 
concentration would result. But water is certainly withdrawn as well, since the 
water content of the carapaces of moulted skins and of intermoult crabs is approxi- 
mately the same, 30-35 per cent, and resorption of organic matter and salts averages 
about 35 per cent of the dry weight of the whole intermoult skeleton (calculated 
from Table XII, Robertson, 1937). Thus resorption of soluble salts from the old 
cuticle cannot by itself cause a rise in osmotic concentration. 

A suggestion that alteration in the level of salt excretion may be a factor in 
raising the osmotic pressure has been made (Baumberger & Olmsted, 1928; ‘Travis, 
1954). Krogh (1939) assumes that a hypo-osmotic solution is eliminated. However, 
as far as is known, grapsid crabs like Eriocheir and euryhaline crabs such as 
Carcinus produce from their antennal glands secretions which are isosmotic with 
the plasma whatever the outside concentration of sea water (e.g. Schlieper, 1935), 
although Nagel (1934) claims that in brackish water the urine of Carcinus is slightly 
less concentrated than the blood. An increase in osmotic concentration by this 
mechanism requires the production of hypo-osmotic urine to be balanced by the 
uptake of a solution stronger than that eliminated. From what is known of the 
physiology of antennal glands, the production of a hypo-osmotic secretion during 
the limited premoult period is improbable in these marine and brackish water 
crabs, but actual analyses of the secretion at this stage do not exist. In Panulirus, 
the ratio of urine calcium to blood calcium does decrease in the premoult stage 
compared with the intermoult stage, but it still exceeds one (Travis, 1955). 

An alteration in the equilibrium between the soft tissues and the plasma is 
another possible mechanism for increased osmotic pressure. If organic metabolites 
of the cells were to increase, the intracellular osmotic pressure would rise and force 
a rise also in the concentration of the extracellular fluid by abstraction of water. 
This phenomenon is well known in mammals for a short period after severe 
muscular work, owing to the production of osmotically active substances including 
lactic acid (Margaria, 1930). 

But in Carcinus and other decapods a sustained rise in osmotic concentration 
is required, and in the relatively quiescent premoult crab, this rise is certainly not 
due to severe muscular work. It is possible that the intracellular osmotic pressure 
is raised by other means, such as increase in the free amino acid concentration, 
bringing about a passive rise in the osmotic concentration of the blood. That this 
cannot be the complete explanation is apparent from the fact that there is no 
proportional increase in each ion in the blood of the premoult crab, calcium and 
magnesium, for example, showing large increases (associated with resorption of 
salts from the cuticle), and sulphate no increase. At the moment it is impossible to 
decide whether the increased osmotic concentration of the blood is the primary 
phenomenon, or whether it is secondary to an increased concentration in the cells. 
In either case, the period of osmotic disequilibrium between cells and extracellular 
fluid is probably very short and difficult to detect. 

Hyperosmotic body fluids followed by moulting and increased size and water 
content of the postmoult crab at once suggested to Baumberger & Olmsted that the 
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absorption of water was an osmotic phenomenon, and they calculated from their 
freezing points and water contents that pure water was absorbed. Drach (1939) 
has pointed out that their calculation is in error, and that their data in fact support 
the view that salts are absorbed as well. Chemical proof that salts are absorbed in 
about the same concentration as in sea water was first supplied by Robertson 
(1937), and this fact is confirmed by the more extensive data of ‘Table 8 in the 
present paper. A simple calculation shows that the water uptake in Carcinus, about 
72 per cent of the premoult weight, is not due to osmotic uptake alone. The 
premoult concentration of 107-5 per cent that of sea water is reduced to 102-9 per 
cent in the immediate postmoult stage. Assuming that the total water content of 
66-7 per cent is available, a 50 g premoult crab would have to absorb only 1-5 g 
water osmotically for the concentration to be reduced to 102-9 per cent. Actually 
about 36 g water is absorbed. 

In Carcinus sea water is absorbed during the process of ecdysis, but postmoult 
individuals still remain hyperosmotic by about 2-3 per cent for the first 24 hr or 
so. Thereafter, the concentration of the plasma falls slightly below equilibrium 
with sea water, a finding confirming the freezing point data of Schwabe (1933) on 
two crabs. 

The site of water absorption during the moulting of decapods was stated by 
Vitzou (1882, p. 551) to be the new outer membranes (envelopes) of the crabs, 
across which water passed by endosmosis. Drach (1939) has conclusively shown, 
however, that water is absorbed through the digestive tract in Cancer pagurus and 
Maia squinado, and the present work is in full agreement with this for Carcinus 
maenas, ‘Travis (1954) was unable to withdraw water from the stomach of the 
lobster Panulirus argus, apart from traces, even a few minutes preceding ecdysis 
when the animals had increased in weight by 8 per cent. She believes that water is 
taken in through the gills and soft intersegmental membranes in this animal. 

Several investigators have shown that if the shell is picked off from late premoult 
brachyuran decapods no obvious increase in size takes place (Witten, 1903; Paul 
& Sharpe, 1916; Baumberger & Olmsted, 1928; Drach, 1939). The explanation of 
this seems to lie in the relative impermeability of the external membranes, and the 
fact that the crabs did not swallow sea water. If only part of the carapace is removed, 
sometimes a crab will moult in the ordinary way, and only at the moment of moult 
will entry of water begin (Drach). Absorption of water is considered by Drach to 
take place only in the foregut, when the new chitinous wall is very permeable. He 
cites some experiments with premoult Maza in which methylene blue present in the 
sea water was found in the body fluid and not in the cells of the hepatopancreas 
after moult. However, in the present experiments the concentration of such ions 
as Mg?* and SO,?~ in the fluid of the hepatopancreas to a greater extent than in the 
foregut (Table 15), and the presence of phenol red in the fluid, imply that this 
digestive and absorptive gland is also taking in water and other ions which are 
absorbed more easily than Mg?* and SO,?-. 

In arthropods other than the decapod Crustacea, increased osmotic pressure at 
moult has been found by Parry (1953) in the isopod Ligia, but the concentration 
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did not fall after the moult, nor was there any indication of sudden uptake of water. 
According to Shafer (1923) dragonfly nymphs absorb water from the gut 
during nymphal moults except the last, and the water content of the body rises 
from 78-80 per cent to about 89 per cent. 

The X-organ-sinus gland complex in the eyestalk of decapod crustaceans has a 
In a Plymouth 


water-balance-regulating hormone (Carlisle & Knowles, 1959). 


TABLE 17—SOME COMPARATIVE DATA ON UPTAKE OF WATER AT MOULT, WATER CONTENT ETC. 
IN DECAPOD CRUSTACEANS 


Water % Cast skin 


Water uptake 


Species Author as % premoult % of 


and weight 


Portunidae: 
Carcinus 
maenas 
17-92 g 


weight 


Intermoult 


Postmoult 


premoult 
weight 


Oo 


» Water 


Robertson, 
1937 to date 


86-9 (7) 
85-6-88-0 


23-9 (3) 


41-2 (3) 


Ocypodidae: 
Uca 
pugilator 
1-2 g 


Guyselman, 
1953 


84-3 (2) 


50-9 (3) 


Grapsidae: 
Pachygrapsus 
crassipes 
1-13 g 


Hemigrapsus 
oregonensis 
3-13 


Olmsted & 
Baumberger, 
1923 


Olmsted & 
Baumberger, 
1923 


44-9 (19) 


83-8 (2) 


84-9 (2) 


18-0 (1) 


Canceridae: 
Cancer 
pagurus 
3°5-118 g 


Drach, 
1939 


94 (22) 
69-112 


60-1—64-8 


86-1* (8) 
85-0-87-1 


26°6 (22) 


31-6 (10) 


Maiidae: 
Maia 
squinado 
49-292 g 


Drach, 
1939 


69-2 (4) 
68-0—70-4 


90-1 (4) 
89-6-90-7 


23-3 (27) 


Palinuridae: 
Panulirus 
argus 


519-669 


18-8t (6) 


20-17 (6) 


( ) denotes numbers of animals. 
* Without chelipeds. 
+ Based on intermoult weights, since Travis’s premoult weight is that 15 minutes before moult, 
when much water has been absorbed. 
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population of Carcinus, Carlisle (1955) has found that crabs with eyestalks removed 
absorb over twice as much water at the moult than normal crabs do, the volume 
increase being 180 per cent compared with 80 per cent. 

Some comparative data on uptake of water and the water content in crustaceans 
are given in ‘Table 17. Maia and Cancer absorb more water at the moult than 
Carcinus on a percentage basis. Maza, which absorbs one and a quarter times its 
weight of water, becomes the most hydrated in the early postmoult stage (90 per 
cent); the lobster Panulirus absorbs the least water and has the lowest hydration 
(82-4 per cent) after moulting. 

Some data on the blood composition of intermoult Carcinus have been given by 
Shaw (1955) who was concerned particularly with ionic regulation in the muscles. 
He found much higher concentrations of calcium and magnesium, and a lower 
potassium concentration, than Webb (1940) or myself (Table 1). The higher 
values were correlated with unusually high calcium and magnesium in his sea 
water, which was in an aquarium with closed circulation. Expressed as percentages 
of the values in his sea water (on a water content basis), and compared with the 
mean values in Table 1 (in brackets), his results are Na 107 (111), K 98 (112), 
Ca 128 (125), Mg 44 (37), Cl 102 (100). ‘Thus the chief differences are in sodium, 
magnesium and potassium, and these are not so considerable as to support Gilbert’s 
(1959) suggestion that crabs of different ‘‘races’’ (i.e. from Millport and Cullercoats) 
may have a different blood composition: particularly when different analytical 
techniques have been used, and when the sea water in one case has potassium, 
calcium and magnesium markedly different in relation to chloride from the usual 
standard values. 

Potassium is the most variable ion in the blood of intermoult Carcinus, and 
values from 93-135 per cent that of sea water have been found in twenty-six 
estimations in male crabs. Since the ion seemed to vary unaccountably in specimens 
collected two or three days previously, a possible relation to feeding was investigated. 
Of a group of males starved for a week, a series of four gave values of 94, 102, 101 
and 99 per cent. Four others from the starved group were then given a meal of 
Mytilus, and 24 hr later the potassium values were 104, 110, 111 and 108 per cent. 
So it is probable that part of the variation is of dietary origin. 

The rise in plasma calcium concentration found in premoult Carcinus (Table 2) 
can be paralleled by injecting extracts of the Y-organ into specimens which have 
stopped moulting (those over 75 mm carapace width at Plymouth) (Carlisle, 1957). 
Values three times normal have been found two days after injection. Transient 
threefold increases in calcium have also been observed in the blood of Maza 
squinado after a single injection of extracts from Maia Y-organs. 

Heightened blood-calcium level of the incipient premoult is also found after 
removal of the eyestalks or the X-organ-sinus gland complex in Carcinus which 
have stopped moulting (Carlisle, 1957), a result contrary to earlier work on eyestalk 
removal in small crabs (Carlisle, 1954). Exactly how the balance is kept between 
the moult-inhibiting and moult-promoting hormones at different stages of the 
moulting cycle is not clear. 
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Changes in blood-calcium in relation to moulting have been found in Panulirus 
by Travis (1955). An increase of 18-4 m-equiv Ca/l. (about 80 per cent) over normal 
intermoult values is reached three days before moult, but postmoult values are 
practically normal over a period of two weeks. Maia squinado shows increases of 
13-39 per cent over an intermoult calcium figure of 0-43 mg/ml (Drilhon, 1935). 
Seasonal variations of calcium in crustaceans were first found in freshwater cray- 
fishes, and have been recorded in both European and American species of Astacus 
(Damboviceanu, 1932; Havel & Klieinholz, 1951); in two species of this genus the 
winter level of about 0-30—0-40 mg Ca/ml is raised to about 0-60 mg/ml before moult 
in the spring. 

These increases in calcium pale into insignificance against those found in two 
species of the brachyuran Sesarma (Grapsidae), where the level of calcium at or 
before moult is stated to rise to 45-50 times that of the intermoult animals. Values 
as high as 39 and 42 mg/ml are reached, compared with 0-75 and 0-88 mg/ml 
(Numanoi, 1939). It is not stated whether the milkiness of the blood observed at 
moult is due to precipitation of calcium carbonate or bicarbonate, but 89-97 per 
cent of the total calcium at this stage is dialysable. In one species (S. haematocheir) 
which forms gastroliths (an exceptional feature in a brachyuran crustacean), the 
high values were found during formation of these bodies from calcium resorbed 
from the exoskeleton, and again when the gastroliths were being dissolved after 
the moult. In the other species (S. dehaanit) which does not form gastroliths, the 
39 mg Ca/ml is reached during resorption from the exoskeleton. 

Regarding the protein concentrations in Carcinus (‘Table 3), the mean value at 
the premoult stage is higher than the intermoult one, but the standard errors of 
the two means are such that the rise is not significant statistically. The influx of 
sea water dilutes the blood to such an extent that the protein concentration is more 
than halved within 24 hr after moulting, and thereafter it falls a further 30 per cent 
or so during the next fortnight, perhaps being utilized by the tissues during this 
period. Similar features have been found by Travis (1955) in Panulirus, by Drach 
(1939) in Maia, and by Damboviceanu (1932) in Astacus. 

Since the premoult period is one of starvation when the protein would tend to 
fall, the higher values found at this stage in these crustaceans (and the maintained 
high level in Carcinus) would seem to indicate resorption of protein from the chitin— 
protein complex of the exoskeleton. Protein may possibly be resorbed as amino 
acids which are used in the synthesis of plasma protein, but unfortunately no 
premoult Carcinus were available when the amino acid estimations were made 


(Table 5). 
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A SEASONAL CHANGE IN BONE DENSITY IN 
FEMALE MUSK TURTLES, STERNOTHAERUS 
ODORATUS (LATREILLE) 
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(Received 12 October 1959; in revised form 20 January 1960) 


Abstract—During early May, at about the time of ovulation in this species, the 
densities of the long bones of the hind limbs of females are equivalent to those of 
the males. As the breeding season progresses and calcareous shells are developed, 
the densities decrease in females; by late summer they have returned to the male 
level. It is speculated that the apparent lack of an ovarian-controlled proliferation 
of medullary bone as storage for subsequent egg-shell material is a primitive condi- 
tion in these reptiles. The suggestion is made that an estrogenic control of medul- 
lary bone formation will be found in higher reptiles, and that this is the evolutionary 
origin of the calcium effects of estrogens in mammals and the cyclic changes that 
occur in birds. 


In 1934 Kyes and Potter showed that medullary bone proliferation in pigeons was 
correlated with the follicular phase of the ovarian cycle. It has been suggested that 
this pre-ovulatory proliferation provides a source of calcium to be drawn upon 
for egg-shell building material after ovulation (Clavert, 1948; McLean & Urist, 
1955). More recently Urist et al. (1958) have suggested that the hypercalcemia of 
estrogen-treated birds and the pre-ovulatory hypercalcemia of fishes, amphibians 
and birds is associated with the formation of yolk rather than egg shell in these 
groups. The fact remains, however, that despite high demands for calcium during 
the time of yolk formation the medullary bone is proliferating, and that dis- 
appearance of this bone is correlated with the formation of the calcareous shell. 
The osteogenic effects of estrogens in mammals and in human senile osteo- 
porosis have long been considered to be related to this avian cycle; in fact various 
bird and mammal tests have been employed as assay techniques for the evaluation 
of estrogen-like agents partly in the hope that such materials might prove of thera- 
peutic value in senile osteoporosis (Edgren, 1955; Edgren & Calhoun, 1956; 
Urist et al., 1954). Although no one seems ever to have stated the problem in 
these terms, the bird work that has been directed toward an understanding 
of mammalian physiology has been predicated on the assumption that an evolu- 
tionary relationship exists between the types of ovarian control of calcium metabo- 
lism found in the birds and mammals. This thesis, unfortunately, is not founded on 
data concerning the reptiles, which are the critical group, since birds and mammals 
arose directly and independently from the Reptilia. In an attempt to gain further 
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insight into this problem, a series of studies was carried out to determine whether 
there was a seasonal variation in bone condition in the musk turtle, Sternothaerus 
odoratus (Latreille), which was available in reasonable numbers from Rockland 
Lake in southern Wisconsin. 


MATERIALS AND METHODS 

The musk turtles (Family Kinosternidae) are a primitive, highly aquatic, 
species that inhabits relatively shallow waters in eastern North America. The 
details of collection of the individuals employed in this study have already been 
described (Edgren & Edgren, 1955; Edgren, 1956). After capture, the turtles were 
brought to the laboratory and sacrificed under chloroform anaesthesia. At autopsy 
the left hind leg was removed and the density of the major bones was determined 
according to the methods described previously (Edgren, 1955; Edgren & Calhoun, 
1956). Briefly, the bones, which were removed grossly, were autoclaved for 15 min 
at 15 lb pressure, and then cleaned of adherent tissues. 

The densities were calculated from the following relationships: 


_ 
Ps = W, 


W, 
where p,, is the density of the bone; p, the density of distilled water at the tempera- 
ture at which the weighings were made; W, the weight of the bone suspended in 
water; W,, the weight of the bone suspended in air. 
In addition to densities the turtles were examined for condition of the gonad, 
presence or absence of eggs (ovarian or oviducal) and degree of calcification of 
shells of oviducal eggs. 


RESULTS 

Seasonal changes in bone density in female musk turtles were quite marked 
(Fig. 1, Table 1). During the early part of the season, about May Ist, density was 
relatively high for the three bones studied: femur, tibia, and fibula. By late June 
this density had decreased materially; densities for early June were intermediate 
between the early May and the late June values for the femur and tibia. June 
9th animals had fibulae that had not decreased significantly from the earlier 
reading. ‘Turtles that were autopsied on August 26th had shown a return toward 
the early May levels. There would appear to be no doubt that the bones of female 
musk turtles show significant seasonal changes in density. 

Four of the eight turtles autopsied on May 3rd contained oviducal eggs; 
however, only one of these showed any indication of calcification, and that was 
slight. T he eggs from the June turtles did not appear to be different from the eggs 
taken from natural nests; they were completely covered by a normal calcareous 
shell, and several were incubated through to hatching (Edgren, 1956). 

During the four trips to Rockland Lake only five males were taken (‘Table 1). 
The apparent differences in gonadal and penis weight may suggest that there were 
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SEASONAL CHANGES IN TURTLE BONES 


DENSITY 


Fic. 1. Seasonal changes in bone density of femur (half circles), tibia (circles) and fibula 

(dots) of female musk turtles (Sternothaerus odoratus). Horizontal lines indicate pooled 

mean values for male turtles; the narrow lines to either side of the mean, and the brackets 
for each point, represent standard error limits. 


TABLE 1—AUTOPSY DATA ON BONE DENSITY, STATE OF OVIDUCAL EGGS AND GONADS IN MUSK 
TURTLES, Sternothaerus odoratus (LATREILLE) 


Mean Mean Number Density 

Date of carapace | body | Gonad|_ with Calcifica- (mean + standard error) 
autopsy No. | length wt. wt oviducal tion oa 
(mm) (g) (g) eggs Femur Tibia Fibula 


Female 
May 3rd 90-0 122-6 | 6:26* 1:382+ | 1-446+ | 1:548+ 
0-0073 0-0094 | 0-0010 


June 9th 112-3 Complete 1:347+ |1-419+ 
0-0069 0-0265 


June 26th 99-3 +33 Complete 1-325+ 1:328+ | 1-466+ 
0-0122 0-0138 | 0-0209 


August 23rd 120-7 1-378 + [1-514 + 
0-0205 0-:0129 | 0-0100 


Male 
June 9th 5 “3 1-437 


June 26th 


August 23rd 


Pooled male data 
5 1:3826+ 
0-0114 


* Includes four animals that had not yet ovulated. 
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; 


216 R. A. EDGREN 


seasonal cycles in these two organs, which would not be surprising. The density 
values for the bones, particularly the femur and tibia, appeared relatively homo- 
geneous; therefore, since seasonal changes were neither demonstrated nor expected 
the data were pooled (Fig. 1). 

DISCUSSION 

Extensive studies in this laboratory (unpublished) have demonstrated that there 
is a close correlation between density as here defined and mineral content of the 
bones of mice. In addition, the studies carried out by Ranney (1959a, b) suggest 
that changes measured by the bone density technique reflect increases in the 
accretion of labile bone material. ‘Thus these seasonal changes in bone density in 
female musk turtles probably resulted from a decreased bone mineral content 
during June. Since this lowered density occurred at the same time as the eggs 
were being covered with their calcareous shells, it seems reasonable that the bone 
was being drawn upon for egg-shell material and that the loss of calctum produced 
the decreased density. Density had been high in early May, at about the time of 
ovulation (Edgren, 1960), and by late summer densities had returned toward that 
level. This correlation of a decrease in bone density with calcification of the shell 
is quite similar to the post-ovulatory changes in medullary bone described by 
Clavert for pigeons (1948). 

The hypothesis that the calcium mobilized during the follicular phase of the 
ovarian cycle is involved in yolk formation rather than in shell formation (Urist 
et al., 1958) hardly appears applicable in the present case. In these turtles large 
amounts of yolk were already present in the early May specimens, yet bone 
density was not affected until shell formation became obvious. This is not to say 
that yolk formation in Sternothaerus is not accompanied by a hypercalcemia, but 
that these data do not bear on this problem. 

Since a bone cycle seems reasonably well established the problem of ovarian 
control arises. If pooling the data for the males was a valid procedure, then these 
statistics provide a base-line for comparison. In May the female values were at 
this approximate level, and the femur and tibia had returned to it by late 
summer. The values for the fibulae were still somewhat depressed. Female bone 
densities for late spring and early summer were significantly lower than this base 
line, with the single exception of the June 9th values for the fibulae. It was also 
possible to show that the June 26th densities of the female bones were significantly 
lower than the densities of the bones in males caught the same day. These con- 
siderations suggest that pre-ovulatory ovarian states do not result in an increased 
female bone density over the density obtained in the male. Since male birds do 
not show cyclic changes in conditions of medullary bone it seems reasonable to 
assume that the male condition is essentially a resting state, comparable perhaps to 
that which would be found in an ovariectomized female. If this be true then the 
loss of mineral from the non-proliferated bone during egg shell formation would 
indicate the absence of an ovarian control of medullary bone formation in 
Sternothaerus. 
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A physiological osteoporosis of this type is apparently not unusual during 
periods of heavy calcium demand. Meister (1951, 1956) has described the erosion 
of compact bone of molting birds and male white-tailed deer during the period 
of antler growth. In the birds, as a group, the pre-ovulatory medullary bone 
proliferation probably reduces the severity of osteoporosis that would be expected 
to develop during shell formation without such a mechanism. Since Clavert (1948) 
has shown that this bone is largely depleted during egg-laying the absence of 
increased storage could only result in the use of calcium from compact bone 
for shell material. It seems distinctly possible that the lack of such a control 
mechanism, which seems to be the case in these musk turtles, may be a primitive 
vertebrate condition. The family to which Siernothaerus belongs, the Kino- 
sternidae, is a primitive family, which belongs to the Chelonia, a primitive order 
of Reptilia. For the present, it seems most parsimonious to assume that an ovarian 
control of calcium metabolism only evolved once and that the avian and mam- 
malian control systems have evolved from this single origin. Since these two 
groups both evolved directly from the Reptiles, this origin must be sought in that 
group, but it must be sought in reptilian groups that have achieved a higher 
evolutionary status than the Kinosternidae, and perhaps the entire Chelonia. 
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Abstract—(1) The chloragocytes of Lumbricus terrestris contain glycogen, which 
decreases during starvation, and two kinds of phospholipid. 

(2) The yellow-brown pigment could not be identified but some of its properties 
are described. 

(3) No trace of purine could be detected in the chloragosomes. 

(4) Minute particles of siliceous material are sometimes found in the chloragocytes. 

(5) The possible function of the chloragogenous tissue is discussed. 


INTRODUCTION 
ALTHOUGH the chloragogenous tissue of Oligochaetes has been the subject of a 
number of papers during the last few decades, there has been little agreement on 
the nature of the chloragogen granules and the function of the tissue as a whole. 
The most widely accepted theory is that it is excretory in function, waste materials 


being absorbed from the blood and removed via nephridia and by amoebocytes. 
The main alternative theory is that it is a food reserve. One of these two views 
is adopted according to authors’ findings on the chemical nature of the chlorago- 
somes and the nature of the contents of the chloragocytes. A recent author, 
Semal-Van Gansen (1956), combines both views. Willem & Minne (1900) 
claimed on the basis of solubility tests that guanine was present. This has been 
denied by Peschen (1939) and more recently by Abdel-Fattah (1955), Semal-Van 
Gansen (1956) and Roots (1957). Semal-Van Gansen, however, supports the view 
of the excretory nature of the chloragosomes which she finds to be essentially 
purine stones (heteroxanthine), although the cells also contain fat and glycogen 
reserves. Abdel-Fattah (1955) denies the presence of purine but finds urea to 
be present together with an arginase-like enzyme capable of hydrolysing arginine 
to urea in vitro. He also demonstrated that amino acids and ammonia are converted 
to urea in the chloragogenous tissue. ‘This is supported by Cohen & Lewis (1950). 

Kiikenthal (1885), Kowalevsky (1889), Cuénot (1898), de Bock (1900) and 
Kollmann (1908) also support the excretory hypothesis without stating the nature 
of the excretory matter except for de Bock who thought it was chitin. 

The nutritive function theory dates from Claparéde (1869) and was supported 
by Cuénot (1891), who later changed his opinion (see above), and Schneider 
(1896, 1899); it was revived by Liebman (1926, 1927, 1931, 1942, 1946). The 
presence of reserve materials has been reported at intervals since 1891. Glycogen 
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has been reported by Cuénot (1898), Hertling (1923) and Semal-Van Gansen 
(1956); fat by Schneider (1896), Liebman (1926, 1927, 1931), Cameron (1932), 
and more recently by Semal-Van Gansen (1956); protein by Liebman and 
Cameron. Semal-Van Gansen (1957) however did not find protein to be present. 
The work described in this paper was begun without knowledge of the work 
of Semal-Van Gansen, which was proceeding at the same time, and it was con- 
tinued in the hope that the function of the chloragogen could be established 
beyond reasonable doubt. 


MATERIALS, METHODS AND RESULTS 


Lumbricus terrestris L. was used throughout. A variety of histochemical and 
biochemical techniques were applied to sections, smears and granules prepared 
in the way described in a previous publication (Roots, 1957). ‘The element analyses 
were made by professional microanalysts (Weiler & Strauss of Oxford). Several 
samples of each of the extracts, the residues, and the granules themselves were 
sent separately at different times. 

Pieces of the intestines of normal fed worms, and of worms which had been 
kept in water for 2 months without food, were fixed in Lison’s fluid for 18 hr at 
0°C and embedded in ester wax as recommended by Smyth & Hopkins (1948). 
Sections were cut at 7 and stained using the periodic-Schiff method, and Best’s 
carmine. Control sections were treated with either saliva or a 1 per cent malt 
diastase solution. 

Glycogen was found in the chloragocytes of the fed worms especially in the 
typhlosole, and was mostly concentrated in the free tips of the cells. Little if any 
glycogen was present in the chloragocytes of the starved worms. 


Protein 

Sections 7 thick of the intestines of fed and starved worms and smears of 
chloragosomes were stained by the dinitrofluorobenzene method described by 
Danielli (1953) except that reduction of the nitro groups of the dinitrofluoro- 
benzene was brought about by sodium dithionite (10 min in 20 per cent solution 
at 40°C) instead of chromous chloride in 0-1 N hydrochloric acid. The chlorago- 
somes in sections and smears did not stain, and no difference was observed in 
the cytoplasm of chloragocytes of fed and starved worms. 

Both freshly prepared suspensions of chloragogen granules and also dried 
material were negative to Millon’s reagent and the Biuret test. Moreover the 
granules were not digested when incubated for 1 hr at 30°C with a 1 per cent 
trypsin solution at pH 8, nor if left for some 48 hr at room temperature. 


DNA 

Sections and smears were stained by Feulgen’s method but no DNA was 
detected in the chloragocytes other than in the nucleus. The same result was 
obtained by Cameron (1932). 
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Lipids 

Staining reactions. Freshly prepared suspensions of chloragogen granules 
were treated with Sudan IV but no appreciable staining occurred. When Sudan 
III was used instead, the larger granules took up the stain, the smaller ones 
remaining uncoloured. 

Baker’s acid-haematin technique shows the presence of some other inclusions 
in the chloragocytes staining deeply blue-black and therefore a phospholipid. 
The chloragosomes do not stain blue-black but a very pale grey. 

The chloragosomes stain yellow when the aniline blue-orange G method of 
La Cour et al. is applied (1958). No difference was observed between fed and 
starved worms. 

Thus two types of phospholipid are present, one in the inclusions which stains 
with Baker’s acid-haematin and another, the masked phospholipid in the chlorago- 
somes. 

Extractions. When chloragosomes were refluxed with a 3: 1 ethanol/ether 
mixture a gold-yellow extract was obtained. This was concentrated by distilling 
under reduced pressure, and extracted with successive fractions of boiling 
petroleum ether BP 40-60. The first fraction was a clear golden, and subsequent 
ones were a cloudy yellow. Most of the coloured material separated out as a 
deep golden brown liquid and solid at the bottom of the flask. ‘The extract was 
cleared by centrifugation and a clear pale yellow supernate resulted. This solution 
contains all the lipid material (Bloor, 1928, 1929), the non-lipid substances ex- 
tracted by the ethanol/ether being left behind. A semi-solid brown material was 
left in the ethanol/ether flask. 

The lipid-containing solution was reduced to 2 ml by boiling, and 7 ml acetone 
and 0-1 ml of a saturated solution of magnesium chloride in ethanol were added. 
A white precipitate of phospholipid was formed which was found to contain 
2-70 per cent phosphorus, the colour remaining in the acetone. It was hoped that 
the proportion of phospholipid present could be estimated by determining the 
phosphorus content of the original material and of the various fractions but it was 
found that the organic material of the chloragosomes contained approximately 
the same amount (5 per cent) as the phospholipid and pigment combined, and 
that the residue left after ethanol/ether extraction also contained 5 per cent phos- 
phorus. 


Pigment 

The pigment, or pigments, responsible for the characteristic yellow colour of 
the chloragogen could not be identified. The supernatant saline obtained by 
centrifugation of a freshly prepared suspension of chloragosomes was yellow, 
but also turbid, because of the presence of cell proteins from the chloragocytes. 
It was not therefore immediately suitable for spectrophotometry. ‘The protein 
was precipitated out with trichloracetic acid, but the supernate after centrifuga- 
tion was still turbid, though less so, and had also lost some of its colour, the 
protein presumably taking some of the pigment down with it. Shaking with 
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Hi Flo Supercel followed by centrifugation also reduced turbidity, but did not 
render the solution completely clear. Although not absolutely clear the solution 
was examined with a spectrophotometer, but an almost straight line was obtained 
with no peaks, suggesting that the material present was a mixture. This does not 
necessarily imply that the material was impure since chromolipids commonly 
give an absorption spectrum with no peaks in the visible range, although it may 
be that chromolipids are mixtures themselves. 

The possibilities that the pigment contained a bile-type pigment, some other 
kind of porphyrin, a carotenoid pigment, or melanin, were investigated. 

Fouchet’s test for bile pigment gave a negative result. When viewed in ultra- 
violet light both solutions of the pigment (in water, and also in pyridine) and the 
chloragosomes themselves gave a dull yellow fluorescence. Since all porphyrins 
give a red fluorescence this ruled out the possibility of a porphyrin being present. 

Carotenoid pigments are soluble in chloroform and give a deep green or 
violet coloration at the interface when concentrated sulphuric acid is added. 
The chloragogen pigment was insoluble in chloroform and therefore not a caro- 
tenoid. 

Melanins are bleached by a number of oxidizing agents including bromine. 
The chloragogen pigment was not visibly bleached by bromine, but this does not 
entirely exclude the possibility of the presence of a small quantity of melanin. 

The golden-yellow ethanol/ether extract, and the brown solution obtained by 
treating the ethanol/ether extracted granules with pyridine, were also examined 
spectrophotometrically but as in the case of the aqueous solution straight lines 
were obtained, all with approximately the same slope. 

It was thought that it might be possible to effect some separation of the 
components of the coloured material by chromatography, but although several 
adsorbents, alumina, sucrose and calcium carbonate were used, no separation 
could be effected. 

The brownish pigment precipitated out of ethanol/ether extracts by petroleum 
ether (see above) was examined, but its nature could not be determined. The 
Molisch reaction for carbohydrates and the Biuret and Sakaguchi tests for protein 
were all negative. 

This precipitate was analysed for carbon, hydrogen, nitrogen, phosphorus and 
sulphur, as also was the residue obtained by evaporating the pyridine extract 
referred to above. The precipitated pigment contained approximately 53 per 
cent carbon, 7-5 per cent hydrogen, 5 per cent nitrogen, 2-5 per cent phosphorus 
and 1 per cent sulphur. The values for the pyridine residue were 50 per cent 
carbon, 6 per cent hydrogen, 7-5 per cent nitrogen, 4 per cent phosphorus, and 
1 per cent sulphur. It is interesting to note here that the composition of whole 
chloragosomes in respect of these elements is the same as that of ethanol/ether 
extracted granules, and that if allowance is made for the 20 per cent ash of the 
granules the values obtained are very similar to those given above, i.e. they are 
53 per cent carbon, 7 per cent hydrogen, 5 per cent nitrogen, 5 per cent phos- 
phorus and 1 per cent sulphur. 
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Purines 

Preliminary work (Roots, 1957) had indicated that little if any purine can be 
present in the chloragosomes. I had understood from a verbal communication 
with Dr. P. Semal-Van Gansen that her work supported this conclusion. How- 
ever in her paper of 1956 (which was in the press at the time of my earlier publica- 
tion) she says “‘Nous pensons que le chloragosome est essentiellement un calcul 
purinique” and found the purine to be heteroxanthine. Dr. Semal-Van Gansen 
had also obtained a positive reaction to the murexide test applied to smears of 
lipid-extracted chloragosomes whereas I had repeatedly obtained a negative 
result to the test applied not only to lipid-extracted granules but also to fresh 
whole granules and to smears. Abdel-Fattah (1955) also obtained negative results 
to this test. In view of this I carried out the following investigation which is in 
part a repetition of Dr. Semal-Van Gansen’s work but also includes other tests. 

A freshly prepared sample of chloragosomes was treated with boiling ethanol/ 
ether 3 : 1 mixture for 1 hr to remove the lipids. The granules were then extracted 
with 0-1 N hydrochloric acid for 1 hr at 100°C. The extract was an opalescent 
yellow. It was centrifuged for 15 min at 2000 g. Some brown particles were 
thrown down but the supernate was still opalescent, so it was centrifuged for a 
further 50 min at 2500 g. The extract was then examined spectrophotometrically. 
No trace of purine could be detected. 

The material thrown down by centrifugation, and the residue obtained by 
evaporating some of the hydrochloric acid extract to dryness were tested for the 
presence of purines by the oxine paper method (Feigl, 1956), an extremely sensitive 
test, but with negative results. 

If 0-1 N sodium hydroxide was added gradually to the hydrochloric acid 
extract until pH 6 was reached a brownish material precipitated. This was re- 
garded as a salt of heteroxanthine by Dr. Semal-Van Gansen, but it did not give 
a positive reaction to the oxine test as would be expected if this were the case. 

An alkaline extract of lipid-extracted chloragosomes was also prepared. The 
fat-free granules were left in cold concentrated ammonia solution overnight. A 
clear yellowish solution was obtained. Part of this solution was treated for the 
removal of nucleic acids which contain purine bases. The method of Dodgson & 
Wynn (1958) was followed. Sulphuric acid was used to adjust the pH to 7 and the 
resulting cloudy solution was cleared by centrifuging at 2500 g for 40 min; a 
brownish sediment was collected. A 0-1 per cent aqueous solution of protamine 
sulphate, which had been adjusted to pH 8 with a normal solution of sodium 
hydroxide, was added slowly but no precipitate was formed. This confirms both 
the histochemical finding that the chloragosomes do not contain DNA, and the 
purity of the chloragosome suspension. The pH was adjusted to 9 with normal 
sodium hydroxide and the solution centrifuged at 2500 g for 15 min to remove 
the protamine sulphate. 

This treated extract, the original ammonia extract, and a solution in ammonia 
of the brownish sediment obtained when the ammonium extract was neutralized, 
were all examined spectrophotometrically. 
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In 1936 all the purines and purine-bound substances then investigated showed 
selective absorption of ultra-violet light in the region of 260 my (Caspersson, 
1936). This property is shown by the majority of purines known at the present 
time although others are now known in which maximum absorption occurs in 
the 220 mp and 300 mp regions (Mason, 1957). Absorption is intense and 
purines may be distinguished even in the presence of other cell constituents 
(Caspersson, 1936). 

No absorption bands were observed (see Fig. 1) in any of the solutions examined, 
and it is concluded that purine was not present. 


20 


Fic. 1. Absorption spectra of extracts of chloragosomes. 


x—— x hydrochloric acid extract. 

@——@ ammonia extract. 

©——© protamine sulphate-treated ammonia extract. 
A——A ammonia solution of precipitate formed when 


original ammonia extract was neutralized with sulphuric acid. 


Moreover, the oxine test was applied both to the sediment referred to above, 
and the residue obtained by evaporating portions of the ammonia extract to dry- 
ness, with negative results. The test was applied to whole chloragosomes also 
with negative results. Thus no trace of purine could be detected in the chlorago- 
somes. 


Silicate 

About 20 per cent of the chloragosomes is inorganic ash and it was shown by 
Feigl’s spot test for silica in the presence of phosphorus (Feigl, 1958) that this 
residue contains silica which confirms the findings of Semal-Van Gansen (1956) 
and Semal-Van Gansen & Vandermeerssche (1958). By no means all of the 
residue is silica, however, as much of it is soluble in 5 per cent hydrochloric acid 
and a positive result could not be obtained with the less sensitive microcosmic 
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bead test. Observation of chloragocytes with a polarizing microscope showed 
that not all cells contained birefringent bodies, indeed it was the exception rather 
than the rule, which confirms the view that the presence of silicates is not essential 
and only occurs when they accidentally penetrate the cells from the lumen of the 
intestine. 


DISCUSSION 
Two points require discussion in view of the findings of other authors. One 
of these is that of the relation of the chloragogenous tissue to nitrogen metabolism. 
Recent authors (Cohen & Lewis, 1949, 1950; Needham, 1957) have shown that 
while the greater part of the non-protein nitrogen excreted by Lumbricus terrestris 
is ammonia, some urea is also excreted especially under conditions of starvation. 
Cohen & Lewis (1950) and Abdel-Fattah (1955) have shown, moreover, that the 
chloragogenous tissue is concerned in the formation of urea. Semal-Van Gansen 
(1957) considers that the tissue also forms purine stones, but Abdel-Fattah (1955) 
and the present author do not support this view. Thus it seems that the chlorago- 
genous tissue plays a part in nitrogen metabolism, but whether it also serves as 
a kidney of accumulation is still a matter for dispute. It is possible that there is 
a difference between species since Semal-Van Gansen (1956) used Allolobophora 
caliginosa for her work on purines whereas I used Lumbricus terrestris. Against 
this possibility is the fact that Needham (1957) has shown that the pattern of 
nitrogen excretion is the same in these two species. Also, although Abdel-Fattah 
(1955) used Lumbricus terrestris for most of his experiments, he sometimes used 
other Lumbricus species and Allolobophora species and recorded no differences 
between them. 

The second point concerns the nature of the lipids, the nature of the colouring 
matter, and the relation between the two. The results described above lead to 
the conclusion that together with an unidentified yellow-brown substance there 
are two types of phospholipid present, one which stains with Baker’s acid haematin, 
and another in the chloragosomes which is revealed by the aniline blue—orange 
G method of La Cour et al. (1958). Semal-Van Gansen (1957) described three 
lipids, that in the acid-haematin-staining droplets, and two “chromolipids”. One 
of her chromolipids was the material extracted by ethanol/ether. The present 
work has shown that this contains a phospholipid and yellow-brown substance, 
the two together constituting the chromolipid of Semal-Van Gansen. The group 
of substances known as chromolipids is ill-defined and is probably little more 
than a convenient term for complex compounds having some properties in common 
(see Gomori, 1952), but not closely related. All extracts prepared with a variety 
of solvents from chloragosomes have a yellow to brown coloration, and all have 
the same highly characteristic smell, except where the solvent itself has an over- 
powering smell, e.g. pyridine. If in such a case, however, the solvent is evaporated 
off then the residue is found to have the characteristic “chloragogen’’ smell. 
Although only a certain amount of colour can be extracted with any one solvent, 
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e.g. water is coloured only in the first two washes, yet a proportion of subsequent 
extracts, e.g. pyridine residue, will dissolve in water. Moreover, the colour 
could not be completely removed from the granules even by prolonged (several 
months) refluxing with repeatedly renewed pyridine. 

These facts, together with the similarity of the element analyses of the extracts 
and of the granules, suggest that the pigment may well be a highly complex mixture 
of substances in equilibrium. 

Recent studies on phospholipids in other animals have shown that there is a 
continual and rapid turnover and they are far from being the inert materials 
they were originally thought to be (Dawson, 1957). A few pilot experiments 
which I have made using **P indicate that this is also true for Lumbricus terrestris 
and the position of the chloragogenous tissue near to the gut is also suggestive 
that this isso. The function of phospholipids, however, remains an enigma (Dawson, 
1957). 

The chloragogenous tissue is probably most nearly comparable to a liver. It 
stores glycogen and lipids, and is concerned in nitrogen metabolism, but its full 
significance in earthworms and other Annelida remains to be elucidated. 


Acknowledgement—I wish to thank Dr. J. Chayen for pre-publication details of the 
aniline blue—orange staining method for phospholipids, for the use of his U-V fluorescence 
microscope, and for looking at some of my slides. 
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Abstract—A survey of a number of animals showed that the formate activating 
enzyme is present in almost all tissues. In invertebrates, the largest amounts of this 
enzyme were found in the gonads and reproductive products and the smallest amounts 
were found in muscle and digestive glands, except for Cancer magister. In the few 
vertebrate species included in this study, the greatest amounts of formate activating 
enzyme were found in liver tissues. 

Formate activating enzymes isolated from the odcytes of Schizobranchia insignis, 
from the ovaries of Pecten caurinus, Balanus nubilis and Cancer magister and from the 
livers of Sebastodes caurinus and the rabbit were compared with respect to the Kyy 
values for the three components of the reaction and for the requirement for divalent 
metal ions. Some information was also obtained on the pH optimum, the require- 
ment for a reducing agent, and the stability of various enzyme preparations to storage 
in the cold. The data obtained indicate that the above enzymes are similar to highly 
purified preparations of formate activating enzyme obtained from bacteria, although 
some differences were found in the individual Ky, values, the metal requirements and 
the stability upon storage. 

Forty-one tissues from a selected group of animals (Schizobranchia insignis, Nereis 
brandti, Pecten caurinus, Strongylocentrotus purpuratus, Balanus nubilis, Cancer magister, 
Sebastodes caurinus, Onchorynchus nerka, the chicken and the rabbit) were examined 
with respect to the amounts of four additional enzymes (N!°-formyl tetrahydrofolic 
acid deacylase, cyclohydrolase, hydroxymethyl tetrahydrofolic acid dehydrogenase, 
and serine hydroxymethylase) concerned with the synthesis and interconversion 
of one-carbon derivatives of folic acid. Except for muscle tissue, varying amounts of 
the four enzymes were found and no correlation could be found between the levels 
of these enzymes and that of the formate activating enzyme. The muscle tissues of 
the above animals contained only small quantities of formate activating enzyme, 
deacylase, cyclohydrolase and hydroxymethyl tetrahydrofolic acid dehydrogenase, 
but had fairly large amounts of serine hydroxymethylase. In addition, the above 
animals were tested for the presence of the formaldehyde activating enzyme. Although 
29 of the 41 tissues were found to have this enzyme, no correlation could be found 
between its distribution and that of the other enzymes studied. 


TETRAHYDROFOLIC acid (FH,)+, a reduced form of folic acid, functions as a co 
enzyme in the metabolism of the cell by serving as a carrier of one-carbon groups 


* This work was supported by grant number C-3931 from the United States Public Health 
Service. 

+ The following abbreviations will be used: FH,, tetrahydrofolic acid; FH,, dihydrofolic acid; 
F, folic acid; ATP and ADP, adenosine tri- and di-phosphate, respectively; TPN and TPNH, 
the oxidized and reduced forms of triphosphopyridine nucleotide; DPNH, the reduced form of 
diphosphopyridine nucleotide; Pj, inorganic phosphate; Tris, tris(hydroxy)aminomethane buffer; 
and Ky, Michaelis constant. 
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(reviewed by Greenberg, 1954a; Sakami, 1955; Greenberg & Jaenicke, 1957; 
Huennekens et al., 1958; Woods, in press; Wright, in press; Huennekens & 
Osborn, 1959; Buchanan & Hartman, 1959). As shown in Fig. 1, the one-carbon 
moiety may be at the oxidation level of either formate or formaldehyde and may 
be located at either the N® or N?° positions of FH,, or bridged between these 


H 
Ns C—NH-CH 
OH (CHa) 


COOH 
TETRAHYDROFOLIC ACID 


ONE-CARBON GROUPS 


Position 


Derivative of: Structure 


HCOOH | 
HC =O N® or N?° 
formyl 


HC =NH NS 
formimine 


CH 
methenyl 
4 
HCHO CH, NS, 
methylene 


Fic. 1. Structure of tetrahydrofolic acid and one-carbon groups. 


atoms. ‘Three of the one-carbon derivatives of FH, serve as donors of a one- 
carbon unit in enzymatic reactions concerned with the synthesis of purines, 
certain pyrimidines, and certain amino acids. Thus, N!°-formyl FH, reacts with 
5-amino-4-imidazole carboxamide ribotide to form inosinic acid (Hartman & 
Buchanan, 1959); N®,N!°-methenyl FH, reacts with glycinamide ribotide to 
yield formylglycinamide ribotide (Hartman & Buchanan, 1959), an intermediate 
in purine synthesis (Buchanan & Hartman, 1959); and N®,N!°-methylene FH, 
participates in the biosynthesis of serine and choline (reviewed by Huennekens & 
Osborn, 1959), thymidylate (Friedkin & Kornberg, 1957), and methionine (Nakao 
& Greenberg, 1955, 1958). 

One-carbon derivatives of FH, are formed either by the reaction of one- 
carbon compounds with FH,, or by the degradation of nitrogenous compounds 
(purines, histidine, serine, sarcosine, and glycine), or by the conversion of one 
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FH, compound into another. The three derivatives listed above (N!°-formyl FH,, 
N®,N!°-methenyl FH, and N®,N!°-methylene FH,) are produced and inter- 
converted by the following series of enzymatic reactions. 

The synthesis of N!°-formyl FH,, shown in reaction 1, is catalyzed by the 


HCOOH +ATP+FH, 2 N?-formyl FH,+ADP-+ Pi (1) 


formate activating enzyme (also called tetrahydrofolate formylase (Greenberg, 
1954a, b; Greenberg et al., 1955; Rabinowitz & Pricer, 1956a, 1957a; Greenberg 
& Jaenicke, 1957)). This reaction was first demonstrated with preparations from 
pigeon liver (Greenberg, 1954a, b; Greenberg et al., 1955) and later, in many 
bacteria (Rabinowitz & Pricer, 1956a, 1957a; Whiteley et a/., 1959). ‘The properties 
of formate activating enzymes isolated from bacteria (Rabinowitz & Pricer, 1957a; 
Whiteley et al., 1959) and pigeon liver (Jaenicke, 1958) have been described and 
the enzyme has been obtained in crystalline form from Clostridium cylindrosporum 
(Rabinowitz & Pricer, 1958). 

N?!°-formyl FH, may be hydrolyzed in an irreversible reaction mediated by 
N-formyl FH , deacylase (reaction 2). The presence of catalytic amounts of TPN 


N-formyl FH,+H,O - HCOOH +FH, (2) 


or TPNH greatly stimulates the reaction, but the mechanism is not known 
(Huennekens, 1957; Osborn et al., 1957a). The enzyme has been detected in 
preparations of beef liver but is absent from avian liver (Osborn et al., 1957a). 
N!°-formyl FH, may also undergo conversion to N®,N!°-methenyl FH, in a 
reaction catalyzed by the enzyme cyclohydrolase (Rabinowitz & Pricer, 1956b), 
as shown in reaction 3. Cyclohydrolase has been reported to be present in bacteria 


N?-formyl FH,+H* = (N5,N!°-methenyl FH,)*+H,O (3) 


(Rabinowitz & Pricer, 1956b), mammalian liver (Huennekens & Osborn, 1959), 
and avian liver (Hartman & Buchanan, 1959). N®,N!°-methenyl FH, may also 
be produced from N5-formimino FH, (Rabinowitz & Pricer, 1956a, b; 1957b) 
and N®-formyl FH, (Greenberg, 1954b, c); the latter two reactions are irreversible. 

In turn, N5,N!°-methenyl FH, may be reduced to N®°,N!°-methylene FH, by 
TPNH in the presence of hydroxymethyl FH, dehydrogenase (Jaenicke, 1955; 
Greenberg & Jaenicke, 1957; Hatefi et al., 1960) as indicated in reaction 4. 


(N5,N!°-methenyl FH,)++TPNH+H*+ 2 N5,N?°-methylene FH,+TPN* (4) 
The latter FH, derivative may also be formed from the degradation of serine 


(Greenberg, 1954a; Blakley, 1954; Kisliuk & Sakami, 1954; Sakami, 1955), 
catalyzed by serine hydroxymethylase (equation 5). 


serine+ FH, 2 glycine + N*,N!-methylene FH, (5) 


This reaction requires pyridoxal phosphate; in some bacterial systems, Mn?* 
is also required (reviewed by Huennekens & Osborn, 1959). N®,N!°-methylene 
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FH, may also be produced by the degradation of glycine, sarcosine and 
dimethylglycine in animal tissues (Mackenzie, 1955; Mackenzie & Frisell, 1958) 
and by the action of the formaldehyde activating enzyme (Osborn et al., 1957b), 
as shown in equation 6. 


HCHO+FH, = N®,N?°-methylene FH, (6) 


The enzymes mediating reactions 4, 5, and 6 have been found in mammalian 
and avian tissues, whereas hydroxymethyl FH, dehydrogenase and serine 
hydroxymethylase have also been detected in bacteria and plant tissues (reviewed 
by Huennekens & Osborn, 1959). In addition to these enzymatic conversions, 
reactions 3 and 6 may also be carried out non-enzymatically under appropriate 
conditions (Huennekens & Osborn, 1959). The synthesis and utilization of the 
above FH, derivatives are shown in Fig. 2. 


HCOOH + ATP 
i) 


O 
: ADP inosinic acid 
formiminoglutamate 
or & 
formiminoglycine FHs —> HCOOH + FH, 
FH, 
formimino —> metheny! | formy! N-formy! 
+ ae . + glutamate 
glutamate or glycine 3) TPNH glutamate 
@ ‘ 
a 
formy! glycinamide ribotide 
serine+FHg —— glycine + methylene FH, my! oy 
HCHO thymine, methionine, choline 
+ 
TPNH 
—— Fug 
4 DPNH 


Fic. 2. Metabolic inter-relationships of tetrahydrofolic acid derivatives. Reactions 
discussed in the text are indicated by encircled numbers. 


The present investigation was undertaken to determine the amounts of the 
above enzymes occurring in the tissues of invertebrate and vertebrate animals. 
Previous studies revealed great variations in the amount of formate activating 
enzyme in extracts of different bacteria (Whiteley et al., 1959; Whiteley, un- 
published); similarly, the tissues of animals of many phyla were found to contain 
widely differing amounts of this enzyme. Formate activating enzymes prepared 
from several animal tissues have been compared with respect to pH optima, metal 
requirements and the effect of certain inhibitors, and the K,, values for formate, 
ATP and FH, have been determined. In addition, several animals, whose tissues 
were found to have a relatively large amount of formate activating enzyme, were 
examined with respect to the enzymes mediating reactions 2-6. In the tissues of 
a given animal, no correlation could be detected between the amounts of the 
latter enzymes and the amount of the formate activating enzyme, but certain 
patterns of enzyme distribution in different tissues were found. 
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METHODS AND MATERIALS 


Preparation of tissue homogenates and fractions 


Marine animals were collected during the summers of 1958 and 1959 from the waters 
near the Friday Harbor Laboratories on San Juan Island in Puget Sound, Washington. 
Organs and tissues were dissected, homogenized in sea water with a Potter-Elvehjem glass 
homogenizer and centrifuged at 8000—10,000 rev/min in a Servall angle centrifuge for 
5-10 min. The supernatant fraction exclusive of the lipid layer (crude extract) was trans- 
ferred to a vial and kept in ice until assayed. Homogenates of rabbit and chicken tissues 
were prepared according to the same procedure except that distilled water was used in 
place of sea water. All homogenates were assayed for the formate activating enzyme within 
2 hr after preparation. When the activities of several enzymes in the tissues of a given 
animal were compared, tissue homogenates were prepared immediately after killing the 
animal and all the assays were performed within a period of 8 hr. 

In some experiments, partial purification of the formate activating enzyme was required. 
The following fractionation procedure was employed: crude extracts were centrifuged at 
15,000 rev/min in the Servall angle centrifuge for 30 min. The centrifugation and all 
subsequent steps were performed at 0—5°C. One ml of a 2 per cent solution of protamine 
sulfate at pH 7-0 was added slowly, with mechanical stirring, to each 10 ml of the super- 
natant fraction. The protamine precipitate was removed by centrifugation and solid 
ammonium sulfate was added slowly to the supernatant fraction until 40 per cent saturation 
was achieved. The material precipitated by ammonium sulfate was removed by centrifuga- 
tion and discarded. Additional ammonium sulfate was added to the supernatant fraction 
until 60 per cent saturation was reached; the precipitate was collected by centrifugation 
and dissolved in distilled water. This preparation was treated with one volume of calcium 
phosphate gel (approximately 20 mg/ml) per 10 volumes of fraction and the gel was 
removed by centrifugation. In most instances, the specific activity (defined below) of the 
gel supernatant fraction was at least ten times greater than that of the crude extract and 
this preparation was used without further fractionation. If a greater increase in specific 
activity was required, the fraction was dialyzed for 4-8 hr in the cold against 2 1. of 10-* M 
mercaptoethanol. 


Materials 


Chemicals were obtained from the following sources: ATP, TPN, and TPNH from 
the Sigma Chemical Company and folic acid from the California Foundation for Bio- 
chemical Research. Tetrahydrofolic acid was prepared by catalytic reduction of folic acid 
using a modification (Hatefi et al., in press) of the method of O’Dell et al. (1947). The 
material was completely stable when stored in vacuo as a lyophilized powder. Immediately 
prior to use, a solution was prepared containing 5 mg/ml in 10-? M mercaptoethanol or 
cysteine at pH 7-0. N®,N?°-methenyl FH, was synthesized from N®°-formyl FH, according 
to Rabinowitz & Pricer (1956a) and the amount estimated from the light absorption at 
355 my (€ = 22 x cm?/mole). N?°-formyl FH, was prepared from N*,N!°-methenyl 
FH, by incubating a solution of the latter compound at room temperature in 2 x 10-? M 
Tris buffer at pH 8-5 for 45 min. This material was used within 2 hr after preparation. 
N®5,N?°-methylene FH, was synthesized chemically by mixing FH, and HCHO at pH 7-5 
in the presence of 10-? M mercaptoethanol and the amount determined from the light 
absorption at 290 my (€ = 26 x 10® cm?/mole, Huennekens & Osborn, 1958). 


Assays 


The values for 6 of the assays are expressed in terms of specific activities, i.e. units of 
enzyme per milligram of protein. For convenience, all units of enzyme activity, expressed 
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as micromoles (4M) of product formed or substrate converted per ml of reaction mixture, 
are calculated for the same incubation time and temperature and are, therefore, directly 
comparable. Assays were performed in duplicate using two or more animals except when 
otherwise noted. Results obtained with animals collected during the summer of 1958 
agreed very well with values determined on the same species collected during the summer 
of 1959. The amount of protein in crude extracts and fractions was determined by the 
method of Lowry et al. (1951). 

The formate activating enzyme was assayed by measurement of the N!°-formyl FH, 
produced in reaction 1. The assay mixture contained: 50 4M of formate, 2-5 uM of ATP, 
1-0 uM of DL-FH,, 50 uM of mercaptoethanol or cysteine, 40 ~.M of MgCl,, 50 uM of 
sodium fluoride, 40 uM of maleate buffer at pH 7:5, and the enzyme preparation in a 
total volume of 1:1 ml. The reaction mixture was incubated at 30°C for 10 min, diluted 
1 : 20 with 3-5 per cent perchloric acid, and allowed to stand for 10 min; any visible de- 
natured protein was removed by centrifugation. Under these conditions, the N!°-formy] 
FH, formed in the enzymatic reaction is converted to N°,N'°-methenyl FH, (May et ai., 
1951; Rabinowitz & Pricer, 1956a) and the latter compound is estimated by light absorption 
at 355 mu. One unit of enzyme is that amount which forms one uM of N!°-formyl FH, 
in 10 min under the above conditions; the values are reported as xpmoles of N!°-formyl FH, 
synthesized per mg protein in 10 min. It may be noted that the assay measured total 
N®,N!°-methenyl FH, (i.e. that produced by acidification of N!°-formyl FH, plus that 
formed due to enzymatic activity in reaction 3). However, the conversion of N!°-formyl 
FH, to N®°,N!°-methenyl FH, via reaction 3 is slow at the pH employed in the assay mixture 
and is minimal in maleate buffer (Rabinowitz & Pricer, 1956b; Hartman & Buchanan, 1959). 
K,, values for the components in reaction 1 were calculated according to Lineweaver & 
Burk (1934). 

N!°-formyl FH, deacylase was determined by measuring the disappearance of N!°- 
formyl FH, in reaction 2 in the presence of catalytic amounts of TPNH. The reaction 
mixture contained: 0:8 uM of N!°-formyl FH,, 0-005 uM of TPNH, 80 uM of maleate 
buffer at pH 7-5, 30 «4M of mercaptoethanol and the extract preparation in a volume of 
2:0 ml. After 30 min of incubation at 30°C, 1 ml of 3-5 per cent perchloric acid was added; 
the reaction was allowed to stand for 10 min, and then centrifuged to remove denatured 
protein. Under these acid conditions, N'°-formyl FH, remaining in the reaction mixture 
was converted to N°,N!°-methenyl FH, which could be estimated by light absorption at 
355 mu. 

Cyclohydrolase was estimated from the rate of disappearance of N*,N'°-methenyl FH, 
(reaction 3 in the reverse direction) in a reaction mixture containing 0-8 uM of N®,N?°- 
methenyl FH,, 80 »M of Tris buffer at pH 7-5, 30 4M of mercaptoethanol and extract 
preparation in a volume of 3-0 ml. The light absorption at 355 mp was determined at 
1 min intervals for 5 min and the observed changes in optical density were corrected for 
the non-enzymatic conversion (less than 10 per cent) occurring under the conditions of 
assay. 

The oxidation of N®,N!°-methylene FH, to N®°,N!°-methenyl FH, (reaction 4 in the 
reverse direction) in the presence of TPN was used as a measure of hydroxymethyl FH, 
dehydrogenase. Reaction mixtures containing 1:0 «»M of DL-FH,, 5-0 uM of HCHO, 
80 4M of phosphate buffer at pH 7-5, and 30 uM of mercaptoethanol in a volume of 0-8 ml 
were allowed to stand at room temperature for 10 min to permit the chemical synthesis of 
N5,N!°-methylene FH,. The enzyme preparation and 0:5 uM of TPN were then added to 
bring the volume to 1-1 ml and the reaction mixture was incubated at 30° for 30 min. A 
dilution of 1:20 was made in 3-5 per cent perchloric acid (N°,N!°-methylene FH, is 
unstable in acid and decomposes to HCHO and FH,), the acidified mixture was allowed 
to stand for 10 min, centrifuged to remove denatured protein, and the light absorption at 
355 mp was determined. 
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Serine hydroxymethylase and hydroxymethyl FH, dehydrogenase (reactions 4 and 5) 
were also measured in a coupled reaction shown in equation 7. 


serine + FH,+TPN* 2 glycine + N*,N?°-methenyl FH,+TPNH +Ht (7) 


In this determination, N®,N!°-methylene FH, is produced as an intermediate from serine 
(reaction 5) and since most tissues contain fairly large amounts of serine hydroxymethylase 
(discussed in a later section), the coupled assay becomes, in effect, a measure of hydroxy- 
methyl FH, dehydrogenase. In the coupled assay, the reaction mixture and procedure 
used for measurement of hydroxymethyl FH, dehydrogenase was modified by substituting 
10 uM of serine for HCHO, and the 10 min incubation period at room temperature was 
omitted. One unit of enzyme is that amount which produces 1 uM of N*°,N!°-methenyl 
FH, from serine in 10 min. 

Serine hydroxymethylase assays were based on a colorimetric determination of the 
disappearance of HCHO in the presence of glycine and FH, (Scrimgeour, unpublished). 
Reaction mixtures containing 1 «M of DL-FH,, 5-0 «1M of HCHO and 80 pM of phos- 
phate buffer at pH 7-5 in a volume of 0-8 ml were incubated at room temperature for 10 
min. The enzyme preparation, 50 uM of glycine and 10 ug of pyridoxal phosphate were 
then added to give a volume of 1:2 ml. The reaction mixture was incubated at 30°C for 
10 min; 0:3 ml of 3-5 per cent perchloric acid was added, and denatured protein was re- 
moved by centrifugation. ,wo-tenths ml of the supernatant material was then assayed 
for HCHO according to the method of Nash (1953) with monomethylol dimethyl hydantoin 
as a standard. Corrections were made for the disappearance of HCHO in the absence of 
glycine. Under the conditions of assay, N®,N'°-methylene FH, (synthesized by a chemical 
reaction between HCHO and FH,) donates the one-carbon portion to glycine, thus yielding 
serine (reaction 5 in the reverse direction). The addition of acid at the end of the incubation 
period causes the decomposition of any N*,N?°-methylene FH, present in the reaction 
mixture so that the amount of HCHO disappearing equals the amount of serine synthesized. 
One unit of enzyme is defined as that amount which utilizes 1 «4M of HCHO under the 
conditions of assay in 10 min. 

Formaldehyde activating enzyme was measured by determining the rate of synthesis of 
N5,N?°-methylene FH, in the presence of enzyme preparations, HCHO and FH,. Re- 
action mixtures contained: 0-1 4M of DL-FH,, 0-5 uM of HCHO, 80 uM of phosphate 
buffer at pH 7:5, 30 4M of mercaptoethanol and 0-025—0-05 ml of enzyme preparation 
containing 5-15 mg of protein/ml in a volume of 3:0 ml. The reaction was started by the 
addition of HCHO and measurements of light absorption at 290 my (€ ~4 x 10° cm?/mole, 
Osborn et al., in press) were made at 1 min intervals for 5 min. All readings were corrected 
for the concomitant chemical synthesis of N5,N!°-methylene FH,. With small amounts of 
crude extracts, the changes in optical density due to the synthesis of N®,N?°-methylene FH, 
in the experimental cuvette often equalled that observed in the blank (identical to the above 
reaction mixture except that the enzyme preparation was omitted), necessitating the use 
of larger quantities of homogenate. If the formaldehyde activating enzyme could not be 
demonstrated with larger amounts of homogenate (0-1-0-15 ml), a new homogenate was 
prepared from a freshly killed animal; and the assay was repeated with increasing amounts 
of extract. Because of the extreme lability of this enzyme, it was not possible to obtain 
reproducible, quantitative data on the amount of enzyme present in various extracts; 
therefore, the results of these assays are reported as “‘positive’’ or “‘negative’’. 


RESULTS AND DISCUSSION 


Distribution of the formate activating enzyme 


As seen from Table 1, almost all preparations of animal tissues are able to 
synthesize N!°-formyl FH, via reaction 1, but the amount of formate activating 
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enzyme in the tissues of the different animals varies greatly. In the invertebrate 
animals, whenever several tissues of a single animal were assayed, the highest 
activities were consistently found in the gonads or reproductive products (eggs 
and sperm). In general, except for the digestive gland of Cancer magister, digestive 
tissues and glands of invertebrate species were found to have a rather low activity. 
For example, no activity could be detected in the sugar gland of Cryptochiton 
stelleri or in the digestive gland of Loligo opalescens. In addition, the crystalline 
styles of Clinocardium nuttallii and Pecten caurinus* lacked the enzyme. Homo- 
genates prepared from the respiratory and muscle tissues were also found to have 
only small amounts of the enzyme, the exception again being found in the crab, 
where heart tissue had a rather high activity. 

The highest specific activity in the invertebrate tissues was found in the ovary 
of Cancer magister, but the amount of enzyme present in this material appeared 
to vary with the degree of maturity of the eggs. Ovaries containing mature eggs, 
free in the oviduct, had a higher activity (6-0—10-0) than those containing less 
mature oécytes (1-0—3-0), whereas spent ovaries had a still lower activity (0-5-1-2). 
Although systematic observations were not made on the effect of maturation on 
the amount of enzyme in the eggs of other animals, annelid odcytes (Schizo- 
branchia insignis, Eudistylia vancouverensis, and Nereis brandti) of different degrees 
of maturation were used for various experiments, and no significant differences 
in the specific activities of young odcytes and mature eggs could be detected. It 
may be noted also that ovaries with small odcytes and mature eggs (fertilized and 
unfertilized) of Strongylocentrotus purpuratus, as well as embryos of 8, 16, and 
48 hr of development, had essentially equal amounts of formate activating enzyme. 

Surveys of several tissues of a small number of vertebrate animals showed 
that the liver had the highest activity in the rabbit and in the four species of fish 
that were investigated. In Sebastodes caurinus, Onchorynchus nerka, the chicken 
and the rabbit, the gonads also had a fairly high activity as did the spleen of 
Lepidopsetta bilineata, Onchorynchus nerka, and the chicken. Skeletal muscle had 
a relatively low activity in the vertebrates whereas heart muscle (tested only in 
the chicken and rabbit) had a higher activity. 

In the few instances where two or more species of a given genus were examined, 
the pattern of distribution of the formate activating enzyme in various tissues 
was constant, but the absolute amounts of enzyme sometimes varied considerably. 
For example, the specific activities found for tissues of Mytilus edulis were almost 
identical with those for M. californianus; values for Pecten hericius and P. hindsii 
were similar to those for P. caurinus; and assays of Arenicola pacifica and A. 
vagabunda were essentially equal. On the other hand, Sebastodes melanops re- 
sembled S. caurinus in the over-all distribution of the enzymes in the four tissues 
which were compared, but the values obtained for the livers of several specimens 
of S. melanops were less (0-141-1-72) than those found for the liver tissues of 
caurinus (2-:2-6°6). 


* In recent taxonomic studies, this mollusc has been called Chlamys caurina. 
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TABLE 1—DISTRIBUTION OF THE FORMATE ACTIVATING ENZYME 


Phylum 


Animal 


‘Tissues 


Specific activity* 
N”-formyl 
FH,/mg protein/10 min 


Protoza 


Coelenterata 


Brachiopoda 


Mollusca 


Annelida 


Tetrahymena geleit 


Metridium senile 


Terebratalia transversa 


Clinocardium nuttallit 


Modiolus modiolus 


Mytilus californianus 


Pecten caurinus 


Fusitriton oregonense 


Cryptochiton stelleri 


Katharina tunicata 


Loligo opalescens 


Octopus hongkongensis* 


Nereis brandti 


Arenicola vagabunda 


Entire animal 


Acontia 
Mesenteries 


Eggs 
Digestive tract 


Testis 

Gills 

Crystalline style 
Digestive gland 


Testis 
Ovary 
Digestive gland 


Testis 
Gills 


Ovary 

Testis 

Gills 

Digestive gland 
Kidney 

Muscle 
Crystalline style 


Ovary 

Kidney 
Salivary gland 
Digestive gland 


Sugar gland 
Digestive gland 


Ovary 
Testis 
Oviduct 
Intestine 


Eggs 
Salivary gland 
Digestive gland 


Kidney 

Hepato pancreas 
Branchial heart 
White body 


Oédcytes 
Digestive tract 
Body wall 


Oédcytes 
Digestive tract 


0-140 


0-084 
0-002 


0-063 
0-005 


0-060 
0-011 
0-000 
0-018 


0-180 
0-330 
0-013 


0-180 
0-018 


0-730 
0-250 
0-044 
0-030 
0-006 
0-005 
0-000 


0-880 
0-028 
0-027 
0-020 


0-000 
0-036 


0-080 
0-068 
0-016 
0-008 


0-485 
0-070 
0-000 


0-050 
0-032 
0-034 
0-010 


1-120 
0-096 
0-003 


1-320 
0-050 
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TABLE 1—cont. 


Specific activity* 
Phylum Animal Tissues pM N?°-formyl 
FH,/mg protein/10 min 


Annelida (cont.) | Serpula vermicularis Odcytes 3-100 
Sperm 2-100 
Digestive tract 0-073 


Sabellaria cemetarium 


Odcytes 1-080 
Sperm 0-089 


Odcytes 0-752 
Sperm 0-520 
Digestive tract 0-070 


Schizobranchia insignis 


Dystylia rugosa Odcytes 3-320 


Sperm 0-932 
Digestive tract 0-270 


Sipunculoidea | Phascolosoma agassizi Odcytes 0-680 
Digestive tract 0-390 


Unidentifiedt Whole 0-760 


Nemertea 


Echinodermata | Strongylocentrotus Eggs 0-020 
purpuratus Sperm 0-093 

Ovary 0-063 

Testis 0-075 


0-020 


Intestine 


Dendraster excentricus 


Eggs 0-084 
Sperm 0-097 


Gastric caeca 0-016 
Stomach 0-005 
Ovary 0-093 
Muscle 0-003 


Pisaster ochraceus 


Testis 0-040 
Ovary 0-035 
Stomach 0-004 


Dermasterias imbricata 


Ovary 0-141 
Gastric caeca 0-038 
Stomach 0-002 


Evasterias troschelii 


Ovary 0-198 
Digestive tract 0-057 
Branchial tree 0-082 
Muscle 0-070 


Stichopus californicus 


Arthropoda Balanus nubilis Ovary 0-717 

Testis 0-492 

: Seminal vesicle 0-233 
Mantle 0-120 


Muscle 0-012 


Ovary 8-000 
Testis 2°560 
Digestive gland 0:535 


Cancer magister 
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TABLE 1—cont. 


Specific activity* 
Phylum Animal ‘Tissues pM N?-formyl 
FH,/mg protein/10 min 


Arthropoda (cont.)| Cancer magister (cont.) | Vas deferens 1-190 
Heart 0-216 
Muscle 0-052 


Tunicata Ascidia callosa Entire animal 0-022 


Halocynthia igaboja Ovotestis 0-042 
Branchial basket 0-018 
Intestine 0-022 


Vertebrata Sebastodes caurinus Liver 4-400 
Ovary 0-473 
Testis 0-649 
Spleen 0-006 
Digestive caeca 0-002 
Gills 0-066 
Pancreas 0-006 
Muscle 0-082 


Squalus suckli Liver 0-093 
Spleen 0-019 
Pancreas 0-033 
Stomach 0-019 
Ovary 0-081 
Brain 0-023 
Muscle 0-006 


Lepidopsetta bilineata Liver 0-650 
Spleen 0-196 
Intestine 0-151 
Muscle 0-052 


Onchorynchus nerka Liver 0-470 
Spleen 0-250 
Digestive caeca 0-210 
Testis 0-240 
Ovary 0-200 
Muscle 0-070 


Chicken Liver 0:299 
Spleen 0-422 
Ovary 0-207 
Heart 0-355 
Muscle 0-058 


Liver 2:580 
Kidney 1-080 
Spleen 0-256 
Heart 0-132 
Muscle 0-047 
Intestine 0-153 
Testis 0-422 


* Average value for assays on 3 or more animals, except when noted. 
+ Single animal. 
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The great variation in quantities of the formate activating enzyme found in 
animal tissues is not unexpected in view of the differences in amounts of this 
enzyme found previously (Whiteley et a/., 1959) in various bacteria. A comparison 
of the values obtained for animals with those for bacteria shows that most verte- 
brate and invertebrate tissues have approximately the same amount of enzyme as 
many aerobic bacteria, i.e. specific activities of 0-005—0-050. Some of the animal 
tissues, notably the ovary of Cancer magister, the liver tissues of Sebastodes caurinus 
and the rabbit, and the eggs of certain annelids, have activities equal to those of 
certain anaerobic bacteria. However, the highest specific activities (4-0—8-0) 
encountered in the present study for animal tissues are considerably lower than 
the values found for two anaerobic microorganisms capable of growing at the 
expense of purines. ‘Thus, crude extracts of Micrococcus aerogenes have specific 
activities of 10-35, whereas extracts of Clostridium cyclindrosporum have activities 
of 50-100. 

As stated previously, N!°-formyl FH, may be utilized directly for the synthesis 
of inosinic acid or may be converted to other FH, derivatives (via reactions 3 and 
4) which participate in the synthesis of purine precursors, pyrimidines, and certain 
amino acids. It is possible, therefore, that the observation that the greatest amounts 
of formate activating enzyme in invertebrate animals are found in gonadal tissues, 
eggs, and odcytes is related to the biosynthetic capabilities of these cells. Like- 
wise, the high specific activities found in the liver tissues of several vertebrate 
species may be correlated with the well-known ability of this tissue to carry out 
extensive regeneration, a process that requires the synthesis of many compounds 
de novo. However, it should be noted that a correlation cannot always be found 
between the amount of this enzyme and the biosynthetic abilities of a given tissue. 
Thus, the sperm of many invertebrate animals was found to have a fairly large 
amount of formate activating enzyme, whereas it is known that these cells are 
relatively inert metabolically. On the other hand, the liver of some vertebrate 
species (e.g. the chicken) had a comparatively low specific activity with regard to 
the formate activating enzyme, although it is capable of regeneration. 

The considerably higher activities found in two species of bacteria may be 
attributed to specific features of bacterial metabolism not encountered in animal 
tissues. In M. aerogenes, the formate activating enzyme appears to be inducible 
(Whiteley, unpublished), i.e. the amount of enzyme formed depends upon the 
amount of formate present during growth. Thus, cells grown in the absence of 
formate have specific activities of 2-0-4-0, whereas those grown with formate 
have higher activities (10-35). In C. cylindrosporum, reaction 1 (functioning in 
reverse direction) is a terminal step in the degradation of the purine substrates 
which serve as the source of carbon and energy for growth. It is not known 
whether the enzyme in C. cylindrosporum is also inducible. 


Properties of formate activating enzymes from different animals 


Table 2 shows the affinity of the enzymes obtained from several tissues for 
FH,, ATP, and formate, expressed as the conventional Michaelis constant (K,, 
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value). For comparison, the table includes data on the two bacteria M. aerogenes 
(Whiteley et al., 1959) and C. cylindrosporum (Rabinowitz & Pricer, 1957a) for 
which these determinations have also been made. In general, the K,, values for 
FH, are quite similar in all preparations except that most of the fractions derived 
from animal tissues have a slightly lower value for FH, than the bacterial enzymes. 
A greater variability was found in the K,, values for ATP: the fraction isolated 
from Cancer ovary had a 10-fold lower value for ATP than the bacterial enzymes, 
whereas preparations from Schizobranchia oécytes, Pecten ovary and rabbit liver 
had higher K,, values. Finally, data obtained with most of the animal tissue 
preparations show that the K,, values for formate resemble those found for M. 
aerogenes, whereas the value for Sebastodes liver is of the same order of magnitude 
as that reported for C. cylindrosporum. 'The bacterial enzymes, in particular those 
from the latter anaerobe, have been used for the assay of formate, FH, and ATP. 
As seen from the data in Table 2, the enzymes prepared from animal tissues could 
be used for this purpose equally well. 


TABLE 2.—K ; VALUES FOR FH,, ATP aNnD HCOOH In REACTION 1 FOR ENZYME PREPARATIONS 
FROM DIFFERENT SOURCES 


Source of enzyme* FH, ATP HCOOH 
x10-°M | x10-*M | 


Schizobranchia insignis, odcytes 0-23 8-84 1:21 
Pecten caurinus, ovary 0-35 4:17 1:15 
Balanus nubilis, ovary 0-32 0-76 125 
Cancer magister, ovary 0-42 0-13 3-10 
Sebastodes caurinus, liver 1:87 1:20 0-20 
Rabbit liver 0-85 3-80 0°51 


Micrococcus aerogenes 1-10 1-10 
Clostridium cylindrosporum 1-10 


ot 
| 


* Fractions having 10 x greater specific activity than crude extracts. 


It had been shown previously that the synthesis of N!°-formyl FH, requires 
the presence of a divalent cation (Greenberg et al., 1955). With the enzyme from 
M. aerogenes, maximum rates for reaction 1 have been observed with Mn?* and 
Mg?* (Whiteley et al., 1959). The effectiveness of various cations in this reaction 
in the presence of formate activating enzymes obtained from animal tissues and 
also from M. aerogenes is shown in Table 3. Mn?* and Fe?* completely or partially 
replace Mg?* for all preparations tested, whereas Ca?* is ineffective with fractions 
obtained from Schizobranchia oécytes and rabbit liver, as well as with the enzyme 
isolated from M. aerogenes. Cu?* partially replaces Mg?* with fractions prepared 
from the ovaries of Pecten caurinus and Balanus nubilis and with the M. aerogenes 
enzyme, but is ineffective in assays with the other preparations. Co®*, Ni**, and 
Zn?* cannot replace Mg?* in reactions with any fractions from animal tissues; 
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the addition of these cations at a concentration of 1 x 10-? M in the presence of 
Mg?> inhibits the reaction. In contrast, Co?* and Ni**, but not Zn?*, can replace 
Mg?* to the extent of 77-5 and 23-4 per cent respectively in assays with the enzyme 
from M. aerogenes. In addition to the above divalent cations, the formate activating 
enzyme requires a high concentration (0-5—1-0 x 10-! M) of a monovalent cation. 
Maximum rates for the synthesis of N!°-formyl FH, by several of the invertebrate, 
vertebrate and bacterial preparations have been obtained with K* and NH," ions; 
data concerning this requirement will be presented elsewhere. 


TABLE 3—EFFECTIVENESS OF SEVERAL DIVALENT CATIONS IN REPLACING Mg?+ IN REACTION 1 


°% of value obtained with Mg?ttT 


Source of enzyme* 
Fe?+ Ca** 


Schizobranchia insignis, odcytes 
Pecten caurinus, ovary 

Balanus nubilis, ovary 

Cancer magister, ovary 
Sebastodes caurinus, liver 
Rabbit, liver 

Micrococcus aerogenes 


ow 


* Dialyzed fraction having 5-10 specific activity of crude extract when tested with Mg?t; 
activity in absence of any divalent cation = 0. 
+ All cations tested at a concentration of 40 4«M/1-1 ml reaction mixture. 


Preparations of animal tissues were also investigated with respect to pH 
optimum, the requirement for a reducing agent, the effect of a —SH inhibitor, 
and the stability of crude extracts upon storage and dialysis. The optimum pH 
for fractions from oécytes of Schizobranchia insignis, the ovary of Pecten caurinus, 
the liver of Sebastodes caurinus, and rabbit liver was approximately 7-2. The 
activity of dialyzed fractions prepared from the latter 4 tissues was enhanced by 
the addition of reducing agents (mercaptoethanol, cysteine, and glutathione were 
equally effective) and inhibited approximately 50 per cent by the addition of 
5 x 10-> M p-chloromercuribenzoate. When crude extracts were stored at —5°, 
variable losses in activity were observed. A 50 per cent decrease was found in 
approximately 2 days for Schizobranchia odcytes, in 4 days for Pecten ovary and 
Cancer ovary, in approximately 1 week for Sebastodes liver, rabbit liver, and chicken 
liver preparations. Dialysis in the cold against 2-3 1. of either distilled water or 
0-005 per cent mercaptoethanol resulted in an irreversible loss of 50-80 per cent 
in the activity of preparations of Pecten ovary, Cancer ovary, and chicken liver, 
but not for Sebastodes liver, Balanus ovary, Schizobranchia obcytes or rabbit 
liver. For comparison, it may be noted that enzyme preparations isolated from 
M. aerogenes also lose activity upon storage in the cold (50 per cent decrease in 
approximately 3 weeks), but are not inactivated by the above conditions of 
dialysis. Since the bacterial enzymes (Rabinowitz & Pricer, 1957a; Whiteley et al., 
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1959) have the same pH optimum, require reducing agents, are inhibited by 
sulfhydryl poisons, and, as shown above, have similar affinities for the three 
reactants in equation 1, it may be concluded that the animal tissues tested contain 
formate activating enzymes whose properties are similar to those of highly purified 
enzymes obtained from bacteria. Some variation was found, however, with regard 
to the K,, values of various preparations for formate, ATP, and FH,, and in the 
ability of the different enzymes to utilize divalent cations other than Mg?*. 


Activities of other enzymes involving FH, 

A number of animals whose tissues have a fairly high content of formate 
activating enzyme were examined with respect to the presence of the formaldehyde 
activating enzyme, N!°-formyl FH, deacylase, cyclohydrolase, hydroxymethyl 
FH, dehydrogenase, and serine hydroxymethylase. For a rigorous comparison 
of the activities of these enzymes, it would be necessary to determine the optimal 
conditions for the enzyme from each source and to exclude the possibility that 
inhibitory substances present in the extracts may interfere with the assays. The 
formate activating enzymes obtained from animal tissues and bacteria have 
similar properties and, in many instances, the crude extracts do not inhibit the 
activity of the purified bacterial enzyme. However, it is recognized that the 
conditions of assay used for the other enzymes may not be optimal for all prepara- 
tions. For comparison, the survey included animals having small amounts of 
formate activating enzyme (Strongylocentrotus purpuratus) and intermediate 
amounts of enzyme in many tissues (Onchorynchus nerka and the chicken). ‘These 
data are presented in Table 4; values for the formate activating enzyme are in- 
cluded for ease of comparison. 

It is seen from Table 4 that the enzymes concerned with the synthesis, 
deacylation and conversion of N!°-formyl FH, are present in most tissues and 
that there is no correlation between the amounts of enzymes mediating these 
reactions in various tissues except for striated muscle. The latter tissue appears 
to have relatively small amounts of all three enzymes. The specific activities for 
N!°-formyl deacylase for most tissues were low compared to those for the formate 
activating enzyme; the highest activity was found in the ovary of Cancer magister 
and intermediate values were obtained for Schizobranchia and Nereis oécytes, 
Pecten and Balanus ovary, Sebastodes and rabbit liver, and chicken heart. It may 
be noted that the deacylation by homogenates of invertebrate tissues is stimulated 
by the addition of TPNH, thus suggesting that the enzyme in these preparations 
is similar to that found in vertebrate tissues (Huennekens, 1957; Osborn et ai., 
1957a). 

The amounts of cyclohydrolase found in most tissues were slightly greater 
than “the quantities of N!°-formyl FH, deacylase, although the absolute values 
(except for the odcytes of Schizobranchia insignis) are still considerably less than 
those for the formate activating enzyme. Thus, most tissues readily synthesize 
N!-formyl FH, and are able to convert it to N®,N!°-methenyl FH,, whereas 
deacylation probably occurs only to a limited extent. N!°-formyl FH, deacylase 
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possibly functions in the metabolism of the cell to release FH, from N?°-formyl 
FH, in the absence of an acceptor for the formyl group. It is of interest in this 
regard that those tissues containing the larger amounts of deacylase also have a 
large, or comparatively large, amount of formate activating enzyme. The converse, 
however, is not true, i.e. all tissues having a large amount of formate activating 
enzyme do not also have a large amount of deacylase. The availability of free 
FH, in these tissues might be insured, however, by any of the following means: 
(a) the release of FH, from N!°-formyl FH, by synthetic reactions; (b) an absence 
of formate (or ATP) so that reaction 1 could not proceed; (c) an efficient conver- 
sion of N!°-formyl FH, (via reactions 3 and 4) to other FH, derivatives required 
in metabolism, and (d) an enhanced synthesis of FH, by the tissues. 

All the tissues assayed had a rather low activity with respect to hydroxymethyl 
FH, dehydrogenase, and preparations of muscle had very little, or none, of this 
enzyme. In general, those tissues having the higher values for hydroxymethyl 
FH, dehydrogenase also appeared to have large amounts of cyclohydrolase, 
suggesting that a facile interconversion of N®,N!°-methylene FH, and N?!°-formyl 
FH, is possible. Serine hydroxymethylase was present in all tissues and in 
considerably higher amounts than hydroxymethyl FH, dehydrogenase. The 
spleen of Sebastodes caurinus and Onchorynchus nerka had the least amount, 
whereas all muscle tissues tested had relatively large amounts. 

The formation of N®,N!°-methenyl FH, from serine (reaction 7) in a coupled 
reaction involving serine hydroxymethylase and hydroxymethyl FH, dehydro- 
genase was also measured. ‘The over-all distribution for the activities in the 
coupled reaction paralleled those found for hydroxymethyl FH, dehydrogenase, 
suggesting that the oxidation of N®°,N!°-methylene FH,, formed as an inter- 
mediate, is the rate-limiting step. However, the specific activities for the coupled 
reaction were slightly higher than those for the dehydrogenase. When hydroxy- 
methyl FH, dehydrogenase is assayed individually, the substrate (N®°,N1°-methy- 
lene FH,) is prepared by chemical synthesis, whereas in the coupled reaction this 
compound is synthesized enzymatically via reaction 5. It is possible, therefore, 
that the enzymatic synthesis of N®,N!°-methylene FH, is more effective than the 
chemical synthesis. This explanation receives some support from the finding 
that the spleen of Sebastodes caurinus, which was found to have a small amount 
of serine hydroxymethylase, has a low activity in the coupled assay, despite the 
fact that a relatively large amount of hydroxymethyl FH, dehydrogenase was 
detected. It is also possible that reaction 4 is inhibited by N®,N!°-methylene 
FH, produced by the reaction of HCHO with the D-isomer of FH,, since the 
chemical synthesis utilizes both the p- and L-isomers of FH, and the enzymatic 
synthesis uses only L-FH,. 

The presence of fairly large amounts of serine hydroxymethylase in muscle 
tissues is unexpected in view of the fact that only small amounts of four other 
enzymes (formate activating enzyme, N!°-formyl FH, deacylase, cyclohydrolase, 
and hydroxymethyl FH, dehydrogenase) were found. Thus, if glycine were 
present and N®,N?°-methylene FH, could be produced via reaction 6, the synthesis 
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of serine would take place readily. It is possible that the relatively large amount 
of serine present in muscle (Block & Weiss, 1956) may be formed via reactions 
5 and 6. Alternatively, in the presence of serine, N*,N!°-methylene FH, could 
be produced and then utilized in synthetic reactions, e.g. in the formation of 
thymine and methionine. 

N®,N!°-methylene FH, can also be synthesized by the action of the formal- 
dehyde activating enzyme (reaction 6). The enzyme was detected in all the tissues 
listed in ‘Table 4 except the following: the ovary of Pecten caurinus, the eggs and 
spent ovary of Strongylocentrotus purpuratus, the ovary of Balanus nubilis, the 
digestive tract of Cancer magister, the testis and muscle of Sebastodes caurinus, and 
the spleen, digestive caeca, and testis of Onchorynchus nerka. It may be concluded 
that most tissues are able to utilize formaldehyde in reaction 6, but the presence 
or absence of the enzyme mediating this reaction does not appear to be correlated 
with the distribution of the other five enzymes under investigation. However, 
the activities of freshly prepared tissue homogenates were considerably lower 
(0-002—0-006 of N®°,N!°-methylene FH, synthesized/mg protein/10 min) than 
most of the values obtained for serine hydroxymethylase and hydroxymethyl FH, 
dehydrogenase, suggesting that enzymatic synthesis of N®,N!°-methylene FH, 
via reaction 6 is less important than the chemical synthesis or the formation of 
this derivative via reactions 4 and 5. This suggestion receives support from the 
detailed studies of Blakley (1959) on the rates of chemical synthesis in the presence 
and absence of purified serine hydroxymethylase. 
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Abstract—The presence of muscle receptor organs was determined in the abdomen 
of ten species of decapod Crustacea. These were Pandalus danae, Paracrangon echinata, 
Crago franciscorum, Eualus sp. (tribe Caridea) belonging to the Natantia, and Munida 
quadrispina (tribe Galatheidea), Upogebia pugettensis, Callianassa gigas (tribe 
Thalassinidea), Pagurus aleuticus, P. alaskensis, P. kennerlyi (tribe Paguridea) 
belonging to the Reptantia. Responses of the sensory neurons were obtained by 
flexion of the joints of isolated abdomens, and in some cases by stretching the organs 
themselves or by the use of acetylcholine. All species yielded slowly-adapting 
responses and some gave also fast-adapting responses. Anatomical examination was 
used to confirm the existence of the organs in a number of species. In one species of 
true crab, Cancer magister (tribe Brachygnatha), no evidence was obtained, either 
physiologically or anatomically, for the presence of muscle receptor organs. The known 
distribution of muscle receptor organs in higher Crustacea is tabulated and the 
possible widespread occurrence of such organs in the Crustacea as a whole is discussed. 


INTRODUCTION 
Since the discovery and description by Alexandrowicz (1951) of the muscle 
receptor organs (MRO) in the abdomen of Homarus vulgaris and Palinurus 
vulgaris, considerable progress has been made in elucidating the microanatomy 
and function of the structures in these and other Crustacea. Most, if not all, 
segments of the abdomen in the Crustacea examined possess two pairs of MRO 
lying a little apart from the mid-dorsal line and more or less closely associated with 
the superficial extensor musculature. They are situated towards the posterior 
end of the segments and bridge the joint between successive terga so that they 
become stretched when the abdomen is flexed. Each MRO comprises a receptor 
muscle (RM) with a closely-associated, peripheral, sensory neuron and the 
afferent axon of this cell. ‘The muscle is also supplied with a number of efferent 
axons which run with the afferent axon in the second root of the ganglion lying 
in the segment in front of that containing the MRO (Hughes & Wiersma, 1960). 
Of the two receptor muscles of a pair, one (RM,), usually lying more laterally, is 
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commonly shorter and has coarser cross-striation and longitudinal sub-division 


249 


of its muscle elements. Wiersma, Furshpan & Florey (1953) showed that the 
sensory neurons are sensitive to stretching of the receptor muscle and that RM, 


with its neuron is a slowly-adapting sense organ, while the other (RM,) with its 


DETERMINED. 


TABLE 1—CRUSTACEA IN WHICH ABDOMINAL MUSCLE RECEPTOR ORGANS HAVE BEEN 
SYMBOLS IN THE THIRD COLUMN INDICATE THAT THE PAPER REFERRED 


TO INCLUDES EXAMINATION WHICH IS PHYSIOLOGICAL (p), ANATOMICAL (a), OR 


HISTOLOGICAL (h) 


Species 


Reference 


EUCARIDA—DECAPODA 
Natantia 
Caridea 
Pandalidae: 


Pandalus danae Stimpson 


Pandalopsis dispar 
Rathbun 
Cragonidae: 
Paracrangon echinata 
Dana 
Crago franciscorum 
Hippolytidae: 
Eualus sp. (Stimpson) 
Palaemonidae: 
Leander serratus (Penn 
Reptantia—Palinura 
Scyllaridea 
Palinuridae : 
Palinurus vulgaris L. 
Panulirus interruptus 
Randall 
Astacura 
Nephropsidea 
Astacidae: 
Astacus fluviatilis L. 


A. leptodactylus 


Eschscholtz 


A. trowbridgei Stimpson 


Procambarus clarku 
(Girard) 


P. alleni (Faxon) 


Orconectes virilis (Hagen) 


Nephropsidae: 
Homarus vulgaris L. 
H. americanus 

M—Edwards 


Type Method of 
of exami- 
organ nation 
RM, RM, (p) (a) 
RM, RM, (p) (a) 
RM, RM, (p) (a) 
RM, (p) 
RM, (p) 
ant) | RM, RM, (a) (h) 
RM, RM, (a) (h) 
RM, RM, (p) (a) 
RM, RM, | (p) (a) (h) 
RM, RM, (p) 
RM, (p) 
RM, RM, (p) (a) 
(p) 
RM, RM, (p) (a) 
RM, RM, (p) 
RM, RM, (a) (h) 
RM, RM, (p) (a) 


This paper 
Florey 
(personal communication) 


This paper 
This paper 
This paper 


Alexandrowicz, 1956 


Alexandrowicz, 1951 
Wiersma, Furshpan & 
Florey, 1953 


Florey, 1955; Florey & 
Florey, 1955 
Burkhardt, 1959 


Giese & Furshpan, 1954 

Wiersma, Furshpan & 
Florey, 1953 

Kuffler & Eyzaguirre, 1955 
Kuffler, 1954; Eyzaguirre & 
Kuffler, 1955 

Eyzaguirre & Kuffler, 1955; 
Kuffler & Eyzaguirre, 1955 


Alexandrowicz, 1951 


Kuffler, 1954 
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TABLE 1—cont. 


Method of 
Species exami- Reference 
nation 


Anomura 
Galatheidea 
Galatheidae : 
Munida quadrispina RM,RM, (p) (a) This paper 
Benedict 
Thalassinidea 
Callianassidae : 
Upogebia pugettensis RM, RM, (p) (a) This paper 
(Dana) 
Callianassa gigas Dana RM, RM, (p) (a) This paper 
Paguridea 
Paguridae: 
Pagurus aleuticus RM, RM, (p) (a) This paper 
(Benedict) 
P. alaskensis (Benedict) RM, RM, (p) (a) This paper 
P. kennerlyi (Stimpson) RM, RM, (p) (a) This paper 
P. calidus (Risso) RM, RM, | (a) (h) Alexandrowicz, 1952a 
P. striatus (de Latreille) RM, RM, (a) (h) Alexandrowicz, 1952a 
Eupagurus prideauxi RM, RM, (a) Alexandrowicz, 1952a 
(Leach) 
Brachyura-Brachygnatha 
Cancridae: 
Cancer magister Dana (p) (a) This paper 
HOPLOCARIDA— 
STOMATOPODA 
Squillidae: 
Squilla mantis (Rondel) (a) (h) Alexandrowicz, 


neuron is, relatively speaking, a fast-adapting organ. They also showed that 
stimulation of the motor nerve to the organ caused contraction of both RM, and 
RM, and that sensory discharges in both afferent neurons resulted. ‘These 
observations were extended in a series of papers (Kuffler, 1954; Eyzaguirre & 
Kuffler, 1955; Kuffler & Eyzaguirre, 1955) in which it was demonstrated, inter 
alia, that each RM, and RM, is innervated by at least one motor axon and a 
common inhibitory axon. These workers confirmed that motor nerve stimulation 
as well as stretch excitation of the RM led to the production of sensory nerve 
discharges and further showed that inhibitory nerve stimulation acted to reduce 
or prevent the sensory responses. 

The occurrence of such organs in the abdomen in several groups of Crustacea, 
as recorded in the literature and as found in the present investigation, is shown in 
Table 1. Among the Decapoda, good anatomical and histological data are 
available so far for the Palinura, Astacura and Anomura, and in one species of 
the Natantia (for details see especially Alexandrowicz, 1951, 1952a, 1956; Florey 
& Florey, 1955), while physiological examination has been reported only for the 
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Palinura and Astacura. The present work was carried out to examine other 
groups of Decapoda for the presence or absence of these organs. 


METHODS 


The organs were searched for by a physiological technique based on that used 
by Wiersma et al. (1953) for Procambarus clarkui. Isolated abdomens, either a 
dorsal strip only in the larger forms, or the entire abdomen in the smaller forms, 
were pinned out in a waxed dish by their anterior segments, and a thread attached 
to the telson was used to flex the preparation. In this way the inter-tergal joints 
could be flexed either slowly or rapidly and the degree of flexion held constant 
by fixation of the thread. Sensory discharges were picked up from the nerve 
close to the organ by a Ag/AgC1 electrode and passed to both an oscilloscope and 
a speaker. Sea-water proved satisfactory as a bathing medium for the preparations 
from marine organisms. Crayfish Ringer (Van Harreveld, 1936) was used for 
experiments on Procambarus. After the experiments an examination of the region 
from which the impulses originated was carried out in several species, using 
Rongalit-methylene blue staining. 


OBSERVATIONS 


(a) Decapoda Natantia 

Preparations from Pandalus danae Stimpson, Paracrangon echinata Dana, 
Crago franciscorum (Stimpson), and an unidentified species of Eualus all gave 
slowly-adapting responses to flexing the abdomen in a manner which would cause 
stretching of the MRO. Attempts to record from an exposed nerve of the dorsal 
strip of the abdomen were not very successful in these small animals. This may 
be due to the high proportion of damaged muscle causing the preparations to 


a 
” 
e 
a 
E 
60! 
> 
2 40 
he 
° 10 20 30 40 50 60 


TIME (sec) 


Fic. 1. Frequency response curves of slow-adapting stretch receptors (RM,) from 
three separate preparations of Paracrangon echinata. In all figures, frequency in im- 
pulses/sec is plotted against time from point of peak frequency following stimulus. 
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deteriorate rapidly, possibly by the release of potassium. Excellent results were 
obtained by slitting the ventral side of the abdomen medially and exposing the 
nerve cord. ‘The second nerve root was then cut from its ganglion, in one or more 
segments, and prepared free from muscles, connective tissue and integument to 
above the mid-lateral line, the nerve branches to those structures being cut. 
Beyond this point there were no further branches giving sensory discharges so that 
uncontaminated recordings of the MRO discharges were readily obtained. In 
the case of P. echinata and P. danae, the nerve was further dissected at the con- 
clusion of the experiment to check its connections and it was found to comprise 
efferent fibres to the dorsal extensor muscles as well as fibres belonging to the 
MRO. In all four species, oscillographic records showed long-lasting slowly- 
adapting responses indicating the presence of RM, (see Fig. 1 for an analysis of 
the response in P. echinata). Occasionally in the latter species there was observed 
in addition a fast-adapting response such as would be expected from RM,; the 
adaptation rate was very rapid, the response decaying almost linearly with time 
to cease between 2-5 and 2-6 sec after the time of peak frequency. The existence 
of both sense organs in this species was confirmed by subsequent examination with 
methylene blue. In P. danae such examination also showed the presence of two 
sense organs though no clear double responses were obtained from this species. 


(b) Decapoda Reptantia 

1. Anomura. Munida quadrispina Benedict was prepared in the same manner 
as the natant forms above; its abdomen is similarly transparent and mid-ventral 
dissection can be carried out readily without damage to the nerve roots. Responses 
from RM, only were obtained from several segments. Subsequent dissection and 
staining showed that both RM, and RM, were present; presumably the flexion 
applied during the experiments was inadequate to stimulate the fast-adapting 
component in this species, as was probably the case in three of the four species 
of Natantia. 

The specimens of Upogebia pugettensis (Dana) which were available were 
considerably larger than the preceding forms and were dissected as described by 
Wiersma et al. (1953) for Procambarus. The preparation proved to be the most 
hardy in the present series and several segments in turn could be easily investigated 
in a single specimen. Responses were found from RM, of each segment from the 
first to the fifth on many occasions, and from RM, in several segments. The 
response of RM, was more readily obtained in any one preparation than that of 
RM,, but both could be elicited by flexing the abdomen, by stretching the MRO 
with a needle, or by administration of ACh at 10~* to 10-°. ‘The sensory discharge 
of RM, to a constant stretch was maintained for 45 min or longer and many 
preparations lasted in good condition all day. The peak frequency recorded for 
RM, discharge varied clearly with the amount of flexion provided, for example 
from 133/sec for a nearly maximum flexion to about 50/sec for slight flexion. ‘The 
rates of adaptation following these different peak values are remarkably parallel 
(Fig. 2). Following slight flexion the discharge rate often became steady for many 
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minutes at a very low value, e.g. 1-96—2-77 impulses/sec at 16-3°C, and 2-26-—2-33/ 
sec at 16-0°C. ‘These compare with the rate of ‘‘about 2/sec” found by Wiersma 
et al. in Procambarus. After still further adaptation in Upogebia irregularity set 
in and, at approximately one impulse/sec to one/two sec the discharges were 
grouped with intervals of several seconds but still persisted for some minutes. 
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Fic. 2. Frequency response curves of slow-adapting stretch receptors (RM,) from 
three separate preparations of Upogebia pugettensis. 


Staining revealed that the MRO were placed somewhat more laterally than in 
Procambarus. The receptor muscles were shorter in the more posterior segments; 
in the fifth segment they were less than half the length of the tergum and were 
oriented at an angle of about 20° with the longitudinal axis. The cell-body of the 
sensory neuron of RM, was, in appearance, scarcely more than a swollen portion 
of the axon with the nucleus lying in its thickest region and often with a dendrite 
arising from the side central to the nucleus. This peculiarity is also shown by 
RM, in the Paguridae (Alexandrowicz, 1952a). The neuron as a whole much 
more closely resembled that figured by Florey & Florey (1955, Fig. 4) in Astacus 
than those of Homarus and Palinurus illustrated by Alexandrowicz (1951). 

Callianassa gigas Dana gave responses similar to those of Upogebia, but the 
animal is much more difficult to keep under laboratory conditions, as it tends to 
shed its limbs with resultant loss of blood. The loose nature of its intersegmental 
articulations also made the preparations from this animal too fragile for consistent 
results. It was therefore not possible to make quantitative measurements, but 
discharges of both types of sense organ were obtained, and the presence of both 
RM, and RM, was confirmed anatomically. 

Three species of hermit-crabs, Pagurus aleuticus (Benedict), P. alaskensis 
(Benedict), and P. kennerlyi (Stimpson), were used. They were removed from 
their shells, the abdomen cut off and opened mid-ventrally. The ventral nerve 
cord was located and the segmental nerves dissected out to the dorso-lateral side, 
the main ventral muscle mass and the soft tissues being removed at this time. The 
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entire abdominal wall was then pinned out as flat as practicable. Although responses 
were obtained from RM, of several of the anterior segments of the abdomen, 
consistent results were not readily forthcoming. The difficulties involved are 
the softness of the cuticle and the consequent inability to determine readily the 
limits of the segments internally. This meant that stimulation of the receptors 
by stretching individual segments was not simple and too easily led to damage of 
the MRO. Flexing the entire dorsal wall without mechanical interference with 
the leads was also not convenient owing to the spiral form of the abdomen. Good 
results were, however, obtained from the MRO in the sixth segment which 
responds to flexion of the telson with respect to this segment. Satisfactory 
manipulation of the telson could be achieved with the remainder of the abdomen 
pinned down. In all three species both RM, and RM, were detected by recording 
their responses to flexion of this joint, to stretching the organ with a needle, and 
to ACh at ca. 10-°. Confirmation of the presence of the MRO was made in all 
species with methylene blue and both RM, and RM, were shown to be present. 
In agreement with the findings of Alexandrowicz (1952a) in other species of 
hermit-crabs, there was a comparatively large amount of connective tissue in the 
neighbourhood of the sensory cells, tending to bind them together. 

2. Brachyura. \arge female specimens (carapace width ca. 12-16 cm) of 
Cancer magister Dana were prepared by removing the ventral surface of the 
isolated abdomen. Each of the numerous nerve trunks was then placed in turn 
on the recording electrode. Though flexion of each of the freely-movable joints 


readily gave responses, all of these could be attributed to sense organs of surface 
hairs and none could be identified as originating from muscle receptor organs. 

Microscopic examination following staining showed no sign of any structure 
which could be regarded as a MRO. It is therefore concluded that these organs 
are absent, at least from the abdomen, in the higher true crabs. 


(c) Comparison between species 

In order to compare the above results with those of a species already described 
in the literature, experiments were conducted on isolated abdomens of Procambarus 
clarkii. In general, it appears that the properties of the RM, and RM, discharges 
in all the species reported on here are quite comparable. However, certain 
interesting differences were noted and these may be of functional significance. 
As mentioned, the RM, discharges of the shrimp Paracrangon decline very abruptly 
under experimental conditions, whereas those of Procambarus do so much more 
gradually. With respect to RM, responses, a comparison is shown in Fig. 3 of 
the frequency response curves from three decapods widely separated systematically, 
the curves being plotted from experiments conducted in comparable conditions. 
Although the peak frequencies were similar (Upogebia 133/sec, Procambarus 148/sec, 
Paracrangon 143/sec), the initial rates of decline are markedly different in the 
three species. ‘They all reach a very slowly falling plateau in ca. 1 min, but the 
maintained frequencies there differ considerably, being respectively about 30, 20 
and 5/sec. 
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FREQUENCY (impulses/sec) 


TIME (sec) 


Fic. 3. Comparison of frequency response curves of RM, of three species from preparations 
in which peak frequencies were similar. O—QO, Upogebia; +-—+, Procambarus; 
@—@, Paracrangon. 


DISCUSSION 


From an inspection of the results illustrated in Fig. 3, it is evident that there is 
considerable quantitative variation in the responses of RM, among species of 
different groups of Decapoda. ‘The variation in RM, responses has also been 
referred to above. ‘These variations are largely in respect to the rate of decline of 
the discharge frequency and to the frequency of the sustained response in isolated 
preparations, but it should be noted that they reflect only the properties of the 
receptor organs themselves. No work has been reported yet on the central 
connections of the afferent fibres from the MRO, except that one or two inter- 
neurons in the sixth abdominal ganglion appear to integrate the impulses from all 
RM, (Wiersma, 1958; Hughes & Wiersma, 1960). Nothing is known, however, 
about the integration of their responses with those of other sensory modalities. 
Both of these factors may well vary between species, but until they are determined 
and the appropriate reflex reactions discovered it will not be profitable to extra- 
polate from the physiological differences in isolated MRO to the functional 
meaning of the intact organs im vivo. Their significance at present lies in peripheral 
phenomena and may indicate species differences in the production of generator 
potentials or in the subsequent transformation of these into action potentials. 

As can be seen from the accompanying list of species (Table 1), muscle receptor 
organs have now been found in animals from a wide range of higher Crustacea. 
There can be little doubt that they will be found in several of the remaining groups 
of Decapoda, viz. Penaeidea, Stenopidea, Eryonidea, Hippidea; indeed a major 
reason why they are not yet recorded is probably the relative unavailability of 
large specimens of these forms in the living state for experimental work. The 
question of the possession of MRO by the Brachyura remains an interesting 
problem; their probable absence in the higher forms may be related to the very 
reduced nature of the abdomen and the fact that it is functionless in locomotion. 
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An examination of the more primitive members of this group (Oxystomata and 
Dromiacea) might throw light on the way in which they have become reduced or 
eliminated in the Brachygnatha. 

The presence of stretch receptor organs is also recorded in the thorax by 
Alexandrowicz (1952b, 1956). In each of the seventh and eighth segments in 
Homarus and Palinurus are two pairs of organs anatomically very similar to those 
in the abdomen. Eyzaguirre & Kuffler (1955) have shown that the similarity also 
holds physiologically, in that the median MRO of these segments respond as 
fast-adapting organs, while the lateral MRO behave as slowly-adapting ones. 
Alexandrowicz’s comparison of median with an RM, and lateral with an RM, is 
thus well substantiated. Further, Wiersma (1958) reports central responses from 
the RM, of the eighth segment in Procambarus when recording in the circum- 
oesophageal ‘‘commissure”’. ‘These responses are similar to those recorded 
centrally from the RM, in the abdominal segments. 

The occurrence of thoracic MRO is reported in other groups of Crustacea, 
though there are some interesting variations in morphology. In Leander serratus 
(Alexandrowicz, 1956), there is only one pair of organs on each side of the thorax. 
Of these the lateral MRO appears similar to the above, but the median MRO 
bears four nerve cells on a single muscle unit. Alexandrowicz postulates that the 
latter organ represents the partial fusion of four separate segmented organs. In 
the Stomatopoda (Squilla mantis, Alexandrowicz, 1954), the posterior four 
thoracic segments possess each two pairs of normally-appearing MRO, but in 
the fourth segment two cells occur on a single muscle while in the third segment 
there is only one, normally-appearing, MRO. Alexandrowicz draws attention to 
the fact that there is an overall correlation in the higher Crustacea between the 
number of segments containing MRO and the number of segments betwéen 
which mobility is present. The correlation is striking and may well be significant. 

In several species Alexandrowicz reports the presence of “‘N-cells’’, nerve cells 
apparently loosely associated with the thoracic muscles, and considers them either 
as a more primitive type of receptor (1952b) or as a somewhat vestigial MRO 
(1956) which has lost its specialized muscle along with the reduction in motility 
of the corresponding thoracic region. Evidence as to the function of these N-cells 
in Procambarus will be presented in a later paper. 

Since organs functionally comparable to the MRO are described for insects 
(Finlayson & Lowenstein, 1958) it may well be that the Arthropoda are basically 
endowed with receptor organs in the muscles of their axial joints. Some species 
of several crustacean groups outside the Decapoda and Stomatopoda would be 
large enough for experimental work and should be investigated where available. 
Microanatomical examination could be carried out in almost every major group 
and should produce significant results for a comparative survey. 
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THE IDENTITY OF THE PORPHYRIN PIGMENTS 
OF THE INTEGUMENT OF EARTHWORMS 


M. S. LAVERACK 
The Nature Conservancy, Merlewood Research Station, Grange over Sands, Lancs. 


(Received 20 April 1960) 
Abstract—The chromatographic behaviour, both on columns and paper, melting 
point and absorption spectrum of the porphyrin obtained from the integument of 


L. terrestris and A. longa confirms its identity as protoporphyrin. The violet 
coloration of the body wall is due to the presence of the methyl ester of protoporphyrin. 


INTRODUCTION 


STEPHENSON (1930) suggested that the body wall pigment of earthworms originates 
from the chloragogen cells of the coelom. Granules from these cells may penetrate 
the body wall and persist in this situation throughout life, increasing steadily in 
quantity with age. In an attempt to provide a method of analysing the age structure 
of a field population of earthworms an investigation has been started to provide a 


basis for the estimation of the porphyrin content of the body wall and its con- 
centration at various ages. 

The presence of porphyrin pigments in the body wall of invertebrates has been 
shown to be a widespread phenomenon (Vannotti, 1954; Kennedy & Vevers, 
1954; Kennedy, 1959). ‘These red-violet pigments, notable for their brilliant red 
fluorescence in ultra-violet light, have been shown to occur in the echinoderms, 
molluscs and annelids. 

There is considerable variety in the porphyrin compounds found in these 
groups. Thus the pigment of the skin of Arion ater is uroporphyrin I (Kennedy, 
1959), that of Akera bullata, a tectibranch mollusc, is also uroporphyrin I (Kennedy 
& Vevers, 1956), while the shell of Pteria radiata contains conchoporphyrin 
(Vannotti, 1954). ‘The porphyrin contained in the body wall of Asterias rubens is 
protoporphyrin IX (Kennedy & Vevers, 1954). 

The identity of the porphyrin isolated from Lumbricus and other oligochaetes 
such as Eisenia foetida has been the subject of disagreement. MacMunn (1886) 
believed the porphyrin to be haematoporphyrin, but Kobayashi (1928) described 
differences between the absorption spectra of haematoporphyrin and that of 
porphyrin obtained from Allolobophora (Eisenia) foetida. 

Dhéré (1932) noted that the body wall of L. terrestris fluoresced in pyridine 
solution and was led to suggest that protoporphyrin was present, an opinion 
supported by Fischer who obtained Kammerer’s porphyrin from Lumbricus. 
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Kammerer’s porphyrin has since been shown to be identical with protoporphyrin 
(see Vannotti, 1954). 

The present work is intended to confirm the identity of the porphyrin of the 
body wall of the two oligochaetes L. terrestris and A. longa, by the application of 
chromatographic methods. 


EXPERIMENTAL 
Extraction procedure 

Free protoporphyrin can be selectively extracted from biological tissues by 
ether : acetic acid (5: 1). Other porphyrins and porphyrin esters are obtained 
by extraction with methanol : sulphuric acid (19 : 1). 

Method 1 (Extract X 1). ‘The earthworms were pinned out, opened along the 
mid-dorsal line and the gut and its contents removed. The body wall was blotted 
on tissue and chopped into a solution of ether : glacial acetic acid (5: 1). Ex- 
traction was usually allowed to proceed overnight in a refrigerator. ‘The extract 
from L. terrestris became light straw in colour exhibiting an intense red fluorescence 
under UV illumination. A. /onga extracts, on the other hand, were deep brown 
in colour and were less intensely fluorescent. Extraction was allowed to continue 
until no further red fluorescent material appeared in solution upon the application 
of fresh solvent. 

The ether—acetic acid extract was washed with distilled water to remove the 
acetic acid, and the porphyrin was then extracted with HCl. No porphyrin was 
extracted by 1°, (w/v) HCl, indicating the absence of coproporphyrin, but the 
pigment was taken up in 8%, HCl. This suggested the probable presence of 
protoporphyrin. ‘he solution was light violet in colour and very red-fluorescent. 
Extracts from A. longa were generally weaker in colour, and the ether residues 
after HCl treatment were dark brown and UV absorbent. 

‘The acid layer was shaken with chloroform and the porphyrin passed into the 
organic solvent. ‘This was then evaporated to dryness im vacuo and gave a dark 
violet residue. It was noticeable that the colour of the chloroform extract from 
HCl was green, and that as concentration proceeded im vacuo the solution became 
progressively pink, red and finally violet. The green colour of the original 
solution in the presence of acid also suggested the presence of protoporphyrin 
(Chu, 1946). 

Method 2 (Extract X 2). The pieces of body wall were still highly coloured 
after extraction by method 1. This remaining pigment was, however, extracted 
by immersing the fragments in methanol : concentrated sulphuric acid (19 : 1) 
solution (Kennedy & Vevers, 1953). Within a short time the solution turned 
violet as the pigment was leached out. The colour was more intense for L. ter- 
restris than A. longa but in both cases fluorescence under UV illumination was 
pronounced. Kennedy & Vevers (1953) suggested diluting this extract with an 
equal volume of distilled water before proceeding further, but it was found better 
to dilute with at least three times the volume of distilled water in order to remove 
contaminating substances. On the addition of chloroform the solution turned 
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milky due to emulsification, and a coagulum formed in the upper phase. However, 
the red-fluorescent porphyrin passed into excess chloroform and extraction was 
continued until no further red-fluorescence was noted in fresh chloroform. The 
chloroform extract was then washed twice with 2% NaCl and six times with 
distilled water. The colour of the L. terrestris extract at this stage was deep violet 
and that from A. longa red-brown. 

The chloroform was evaporated to dryness and the residues were dark red- 
brown (L. terrestris) or brown (A. longa). Small portions of these residues were 
then taken up in chloroform as required. 


Chromatography 

(a) Column chromatography. Extracts X 2 from L. terrestris and A. longa 
were first run on columns of aluminium oxide and then on magnesium oxide 
to purify further the porphyrins present (Nicholas, 1951). Extract X 1 normally 
showed only one spot by paper chromatography and was not subjected to column 
chromatography. 

(i) L. terrestris. Extract X 2 was passed through a column of Al,O, and was 
found to separate into three bands upon development with chloroform+ 1% 
methanol, or kerosene : chloroform (2: 1). The first band was dark brown in 
colour and remained stationary at the top of the column. It did not fluoresce and 
was discarded. The fractions which moved on the column passed rapidly to the 
bottom, forming a dark red-violet band which was closely followed by a brown 
area (see Fig. 1). Only the faster moving red-violet band was red-fluorescent and 
this was collected for further examination. 

The fluorescent band from Al,O, column was concentrated and then re- 
chromatographed on magnesium oxide, using chloroform containing 3°%, methanol 
as solvent. No movement was noted with chloroform containing 1°, or 2% 
methanol. Development of the chromatogram was followed by the formation of 
two bands. The first of these was at the top of the column and was dark brown in 
colour, fluorescing intensely red under UV. The band which moved along the 
column was violet in colour and also fluoresced red. This fast-moving component 
was collected as it passed off the column and the stationary area was removed 
from the column in a beaker with acidified chloroform. Both fractions were then 
subjected to paper chromatography. 

Mixtures of authentic protoporphyrin (L. Light & Co.) and protoporphyrin 
methyl ester, prepared in the laboratory, were found to behave in a similar manner, 
the ester forming a violet band moving down the column while the free proto- 
porphyrin remained stationary at the top of the column (MgO). 

(ii) A. longa. Extract X 2 of this species formed two bands on an aluminium 
oxide column. The upper of these was a speckled violet black area at the top 
which was non-fluorescent and therefore discarded. ‘The moving area was green- 
brown and red-fluorescent. ‘There was sometimes partial separation into two 
fractions as it passed off the column but for general purposes the band was used 
as a single phase and run through a magnesium oxide column. 
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violet 


[Red fluorescent] 


fraction | 


L. terrest Ak 


Fic. 1. Bands formed on columns of alumina and magnesium oxide, developed with 
CCl,+-1°% methanol and CCl,+3°, methanol respectively. Extract X 2 from L. terrestris 
and A. longa reveal different properties under these treatments. Red fluorescent areas 
are marked :::: 
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The magnesium oxide columns were developed with CCl, +3° methanol and 
showed a complex arrangement of bands. The succession of these is outlined in 
Fig. 1. Only Fractions 1 (violet) and 4 (pink) were collected and chromatogrammed 
on paper as only these were red fluorescent. Fraction 2 was identical with the 
dark brown coloration of ether residues. 

(b) Paper chromatography. Papers (Whatman No. 1) were developed by the 
ascending technique in two solvent systems at 16°C in darkness. The positions 
of the spots were located by UV. The solvents used were 2 : 4 lutidine saturated 
with water (Nicholas & Rimington, 1951), and kerosene : n-propyl alcohol 


(5 : 1) (Block et al., 1955). 
Protoporphyrin 
methyl ester 


9 


| 2 3 4 5 6 7 8 10 II 


Fic. 2. Paper chromatography of extracts X 1 and X2 of L. terrestris. A. longa is 
essentially similar. 


Spot Spot 

i=X 1 7 =X 1+protoporphyrin 
2=A 2 8 =X 2+ protoporphyrin 
3=X 2 hydrolysed (X 2 H) 9=X 2+ protoporphyrin ester 
4=Protoporphyrin 10=X 2 H+protoporphyrin 


5 =Protoporphyrin methy] ester 11=X 2 H+methy!l ester hydrolysed 
6 = Methyl ester hydrolysed 
S=Strong fluorescence. W = Weak fluorescence. 


Extract X 1 from both species gave a single discrete spot at R, 0-86 in lutidine, 
corresponding to a porphyrin containing two carboxyl groups (Nicholas & 
Rimington, 1951). ‘This spot ran alongside authentic protoporphyrin and in mixed 
spots the two substances were inseparable. The R, of extract X 1 in kerosene- 
n-propyl alcohol was 0-17 and this also was identical with that of protoporphyrin. 
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Extract X 2, on the other hand, ran as an ester with the front in lutidine. The 
method of extraction in methanol-sulphuric acid is conducive to the formation 
of esters if allowed to remain in contact with porphyrins for some time in the 
cold, but in this case the ester made its appearance in large amounts within a few 
minutes of immersion of the body wall in the extracting medium. It is thus thought 
that the ester is present within the animal in the normal condition. 

Gentle hydrolysis of X 2 with 5°, HCI for 15 min in a warm stream of air led 
to the disappearance of the spot running with the front, and coincided with the 
appearance of a fresh spot at R, 0-85 as in X 1. This was also identified with 
protoporphyrin. | 

Protoporphyrin esters can be separated from other porphyrin esters by the 
kerosene-propanol solvent. The methyl ester of protoporphyrin has an R, of 
0-85 in this system (reported as 0-84, Block et al., 1955), and extract X 2 has an 
R, of 0-80 with a weakly fluorescent spot at R, 0-50. Hydrolysis of both the 
authentic ester and X 2 leads to the appearance of three spots, one equivalent to 
protoporphyrin at R, 0-17, one to the methyl ester at R, 0-80, and the third to an 
intermediate product at R, 0-50. Intimate mixtures of X 2 with authentic material 
run to identical R, values with no separation. 

The fractions obtained from the MgO columns were also resolved by paper 
chromatography. In the case of L. terrestris Fraction 1 runs as protoporphyrin 
methyl ester and Fraction 2 as the free protoporphyrin. For A. longa the free 
protoporphyrin was completely removed by extraction 1 in ether—acetic acid, and 
Fraction 4+ from MgO columns represents the methyl ester. Fraction 1 from MgO 
was found to be the intermediate product noted above running to R, 0-5 in 
kerosene—n-propanol. 

Fig. 2 summarizes the behaviour of the extracts in kerosene—n-propanol and 
compares them with the authentic materials, both separately and in mixtures. 


Melting point 

Purified extracts obtained after column chromatography were concentrated 
and crystals of the methyl ester prepared by the addition of boiling methanol to 
warm solutions of the porphyrin in chloroform. Dark red-purple crystals were 
obtained which melted at 224°C. 

Protoporphyrin preparations melted at 225°C and values between 222 and 225°C 
have been reported (Vannotti, 1954) for genuine protoporphyrin. 


Absorption spectrum 

Concentrated extracts X 2 were taken up in chloroform and examined with 
the Unicam SP 600 spectrophotometer and gave the following absorption peaks, 
503, 541, 576 and 632 mu. These peaks are similar to those quoted for proto- 
porphyrin at 506, 541, 575 and 631 my (Vannotti, 1954). 

Weaker solutions, obtained after column chromatography, showed only three 
peaks, at 505, 541 and 574 mp. Protoporphyrin in similar dilution also showed 
only three peaks at 505, 540 and 571 my. Extract X 1 gave the same peaks as X 2. 
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DISCUSSION 


The suggestion of Dhéré (1932) that the porphyrin of the integument of 
L. terrestris is protoporphyrin can now be confirmed. 

The extraction of two fractions from the body wall indicates that protoporphyrin 
is available in two forms in earthworms. The first is as the free porphyrin and is 
extracted by ether—acetic acid together with a brown pigment. ‘This brown pigment 
is present in only small quantities in L. terrestris, but in much larger amounts in 
A. longa. It has an R, value of 0-7 in kerosene-n-propanol. 

The second porphyrin fraction is obtained by immersion in methanol-sulphuric 
acid and is deep violet in colour, undoubtedly accounting for the violet iridescence 
of the body wall in the normal animal. ‘The two fractions have been identified 
as the free protoporphyrin and its methyl ester respectively. 

Kennedy & Vevers (1953) and Kennedy (1959) have shown that the amount 
of porphyrin present in the body wall of Arion and Asterias is roughly proportional 
to the overt coloration of the animal, but earthworm populations are not divisible 
into colour groups. However, experiments are now being made to estimate the 
amount of porphyrin present in the body wall of individual earthworms and to 
attempt to correlate this with the age of the animal. 


SUMMARY 


1. Chromatographic methods have been applied to the isolation and identifi- 
cation of the porphyrin of the integument of L. terrestris and A. longa. 

2. ‘wo fractions have been obtained by different extraction procedures and 
shown to be free protoporphyrin and its methyl ester. 


Acknowledgements—I am indebted to Mr. S. E. Allen and the chemical service at Merle- 
wood for the spectral analysis and various helpful suggestions. 
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Laboratories of the University of Washington, Friday Harbor, Washington 


(Received 4 December 1959; in revised form 5 April 1960) 


Abstract—lon-equalized samples of hemoglobins from the blood vessels, coelomic 
erythrocytes, and the body-wall muscles of the polychaete Travisia pupa indicate that 
these proteins are biochemically distinct on the basis of oxygen equilibria and denatura- 
tion. The differences in oxygen affinity suggest the following oxygen transfer system: 
parapodial gills, via the blood, then to the coelom, and finally to the body-wall muscula- 
ture. The oxygen affinities of all three pigments are exceedingly high, as might be 
expected for an animal that lives in an extremely oxygen-deficient environment and is 
markedly sensitive to oxygen poisoning even at atmospheric oxygen partial pressures. 
Ion-equalized preparations of hemoglobin from the coelomic erythrocytes and the 
body-wall muscles of the echiuroid Arhynchite pugettensis have distinct oxygen 
equilibria. The oxygen affinity of both pigments is much lower than those of Travisia 
hemoglobins. The muscle hemoglobin has a lower oxygen affinity than the coelomic 
pigment. Lack of information on the respiratory physiology of the rare echiuroid 
Arhynchite and absence of data on the intracellular oxygen equilibria of the hemoglobins 
render the physiological interpretation of these results difficult, even though it is clear 
that biochemical tissue specificity of hemoglobin occurs in this worm, as well as in 
Travisia. 


INTRODUCTION 
Ir is well known that for several mammals blood hemoglobin and muscle 
hemoglobin (myoglobin) are biochemically very distinct proteins (reviewed: 
Manwell, 1960a). The significant physiological difference lies in the nature of the 
oxygen equilibrium; myoglobin has a high oxygen affinity and almost no Bohr 
effect, whereas blood hemoglobin has a low oxygen affinity and a large normal 
Bohr effect. This difference facilitates the diffusive transfer of oxygen from blood 
to muscle by maintenance of a steep oxygen partial pressure gradient at the muscle 
capillary junction. A similar specialization of blood pigments occurs in viviparous 
and ovoviviparous vertebrates, where fetal hemoglobin in the placenta has a role 
comparable to myoglobin (Barcroft, 1947; Manwell, 1958a). The much higher 
oxygen affinity of the radular myoglobin of Cryptochiton stelleri (now Amicula 
stelleri) allows this pigment to load almost fully with oxygen at partial pressures 
of that gas at which the hemocyanin of the blood is 75-80 per cent deoxygenated. 
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Such specializations of juxtaposed respiratory pigments are termed “oxygen 
transfer systems’ (Manwell, 1958b). Further studies by the author (1960b) 
indicate that radular myoglobin has a higher oxygen affinity than the blood 
hemocyanin in the chitons [schnochiton conspicuus and Katharina tunicata and in 
the gastropod Fusitriton oregonensis; unpublished experiments show the same 
relation extends also when cartilage and muscle hemoglobin is compared with the 
blood hemocyanin in the gastropod Busycon canaliculatum. Further evidence for 
histological specialization of hemoglobin is found in the correlation between 
erythropoietic site and biochemical species of hemoglobin molecule in the human 
and in the bullfrog (Rana catesbiana). McCutcheon (1936) and Riggs (1951) have 
shown that bullfrog tadpole hemoglobin has a very different oxygen equilibrium 
when compared with adult hemoglobin. Tadpole hemoglobin is synthesized in the 
mesonephros; adult bullfrog hemoglobin is produced in the spleen and bone 
marrow. Furthermore, it appears that the bone marrow synthesizes a hemoglobin 
of lower oxygen affinity than that of the spleen (McCutcheon, 1938). Kinzer 
(1957) has pointed out that in the human the three different normal hemoglobins 
(“Hb P” or “early fetal’, Hb F, and Hb A) are synthesized in the mesoblastic, 
hepatic and medullary phases of erythropoiesis respectively. An exception to 
this occurs in some sickle cell anemia cases, where apparently both adult and fetal 
hemoglobin are found within the same erythrocytes (Itano, 1953); in certain other 
hematologic conditions increased hemoglobin F production may be the result of 
extramedullary erythropoietic activity. Clearly, from the standpoint of both 
developmental and comparative biochemistry, it is of interest to know how wide- 
spread the phenomenon of tissue specificity of related protein molecules is and 
to what extent it can be correlated with function. 


MATERIALS AND METHODS 
Specimens of the opheliid polychaete Travisia pupa (Moore) (‘‘stink-worm’’) 
were occasionally encountered in mud dredging. They were subsequently kept 
in mud until desired, for they die readily when exposed to oxygenated sea-water. 
The author was provided by Drs. D. L. Ray and Paul Illg with three specimens of 
the rare echiuroid Arhynchite pugettensis (Fisher), which had been dredged from 
the mud of Griffin Bay, San Juan Island. 

Both Arhynchite and Travisia have hemoglobin in coelomic corpuscles and in 
the body-wall musculature. Specimens were thoroughly cleaned and the hemo- 
globin-containing coelomocytes were removed by slicing through the dorsal body 
wall. In contrast to Arhynchite, Travisia has an elaborate separate vascular 
circulation which contains hemoglobin in solution rather than in erythrocytes. 
Specimens of 7ravisia were pinned out and thoroughly inundated with running 
sea-water to remove the last traces of coelomic erythrocytes before cutting the 
blood vessels and collecting the vascular hemoglobin. The final step was then to 
remove all the viscera and to scrape carefully away the hemoglobin-containing 
body-wall musculature. ‘The muscles were minced, but not crushed, and mixed 
with an equal volume of distilled water. A combination of differential filtration 
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and centrifugation was utilized to separate the hemoglobin-containing coelomic 
cells from gametes and other contaminating cellular elements of the coelom. 
Erythrocytes were hemolyzed by addition of 4-5 vol. of distilled water to 1 
vol. of centrifugally packed cells. Travisia vascular hemoglobin was diluted with 
enough distilled water so that its concentration would be comparable to that of 
the coelomic hemolysates; this was usually about one part blood to two parts 
distilled water. Intracellular hemoglobins were liberated by equilibrating muscle 
mince or erythrocytes with distilled water for 8-10 hr at 0°C. ‘This was followed by 
centrifugation at 20-25 x 108 g for 1 hr and filtration through Whatman No. 5 
paper. 

Since the oxygen equilibrium of hemoglobin is often influenced by the presence 
of different ions and small molecules, e.g. glutathione, urea and magnesium ion, 
it has been emphasized by Allen et al. (1953) that precise comparisons of the 
oxygen equilibria of various hemoglobins should be made with preparations 
that have been dialyzed against a common medium, so that the concentrations of 
such diffusible substances will be equal. As a result of this precaution Allen et al. 
(1953, 1954) have shown that human adult, fetal and sickle-cell hemoglobins 
have intrinsically identical oxygen equilibria, although in undialyzed hemolysates 
Hb A appears to have a higher oxygen affinity than Hb F or S. The author (1960b) 
has utilized this and two other techniques of ion equalization in the comparison of 
various normal and abnormal human hemoglobins and has confirmed the intrinsic 
identity of the O, equilibria of Hb A, S and F for the small pH range used by 
Allen et al. (1953, 1954). Extension of the pH range showed that Hb F has an 
oxygen equilibrium different from those of Hb A, S and C at pH values below 7 
(Manwell, 1960c). Demonstration that human fetal hemoglobin has intrinsically 
the same oxygen affinity as adult hemoglobin at alkaline pH values but a larger 
Bohr effect, and thus a lower oxygen affinity at acid pH values indicates that in 
such comparisons care must be taken to use a wide pH range. In the following 
experiments these precautions have been taken. In addition some muscle hemo- 
globin preparations were subjected to (NH,). SO, fractionation to remove con- 
taminating soluble proteins; this procedure was found to be unnecessary as the 
O, equilibrium curve was not affected. For comparison of hemoglobins from 
different regions of the same animal, hemolysates were diluted to approximately 
equal protein concentrations and then dialyzed against a common medium, 
potassium phosphate buffer of desired pH and exact ionic strength of 0-20. 
Dialysis tubing of } in. dia. was used, the quantity of protein solution being about 
1 ml. Dialysis was done at 0°C for at least 10 hr, in some cases as long as 48 hr. 
To facilitate ion movements the external solution was often stirred magnetically. 
In other instances mixing of the internal solution was accomplished by placing a 
small glass bead inside the dialysis sack and fixing the sack horizontally in the 
external medium, the glass bead being moved slowly back and forth by setting the 
entire assembly atop a variable speed platform shaker. 

Oxygen equilibria were determined spectrophotometrically as in previous 
studies (Manwell, 1958b), entire oxygen equilibrium curves being determined on 
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samples as small as 0-4 ml. A Bausch and Lomb spectrocolorimeter was used, the 
630 my interference filter being best for differentiation between “reduced” and 
oxygenated hemoglobin; this instrument has an extreme error range of 4 per cent 
although with more accurate spectrophotometers the maximum error range is 
under 1 per cent. Hydrogen ion concentrations were checked with a Beckman 
Model G pH meter. Oxygen equilibria were measured at room temperature 
(21-23°C), the temperature during any single series of determinations being kept 
constant to within 1°. While the physiological temperature of the animals under 
consideration is at least 10°C lower, the main object of this study is biochemical 
comparison; besides, the data at room temperature can be corrected to any desired 
temperature by using the heat of oxygenation, which is about —10 kcal/mole 
(Manwell, 1958c). 


RESULTS 


Oxygen equilibria of vascular, coelomic and muscle hemoglobins of 7. pupa 
under identical conditions of pH, temperature and ionic environment are placed 
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Fic. 1. Oxygen equilibria of ion-equalized samples of hemoglobins from the body-wall 
muscles, perivisceral coelom, and blood vessels of specimens of the “stink-worm” Travisia 
pupa (Moore). ‘Temperature 22-23°C. Potassium phosphate buffers, ionic strength 0-20. 
(1) Muscle hemoglobin: A pH 7:06; & pH 7:53, purified by ammonium sulfate fractiona- 
tion. (2) Coelom hemoglobin: @ pH 7:86; pH 7-08. (3) Vascular hemoglobin: WV pH 
7-48; A pH 7:34; V7 pH 7-03. 


in Fig. 1. It can be seen that although all three pigments have exceedingly high 
oxygen affinities, these affinities are by no means identical; p;, values are 0-08, 
0-36 and 0:53-1:10 mm Hg for muscles, coelom and vascular hemoglobin, 
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respectively. No Bohr effect is shown, except the slight one for vascular hemo- 
globin at the most acid pH used (7-03); this Bohr effect is largely a change in the 
shape of the oxygen equilibrium curve, from hyperbolic to sigmoid. 

Oxygen equilibria of coelomic and muscle hemoglobins from A. pugettensis are 
shown in Fig. 2. In contrast to T. pupa, muscle hemoglobin of A. pugettensis has 


| 
| 
| 
| 


oxyhemoglobin 


Muscle 
+ { 


Per cent 


Arhynchite 


20 30 


Partial pressure of Oxygen mmHg 


Fic. 2. Oxygen equilibria of ion-equalized samples of hemoglobins from the body-wall 
muscles and the perivisceral coelom of the echiuroid worm Arhynchite pugettensis (Fisher). 
Temperature 23—24°C. Potassium phosphate buffers, ionic strength 0-20. (1) Muscle 
hemoglobin: A pH 7:07; 7 pH 7:78; & pH 6:96, ammonium sulfate purified. (2) 
Coelom hemoglobin: © pH 7:03; @ pH 7:74. 


a lower oxygen affinity than does the coelomic pigment; f;) is 11 mm Hg for the 
myoglobin, the lowest oxygen affinity of any known myoglobin, whereas the 
coelomic pigment has a ps5, of 3-4-4-0 mm Hg. The myoglobin lacks a Bohr effect 
whereas coelomic hemoglobin appears to have a very slight “normal” Bohr effect. 
Neither pigment has any heme-heme interactions, m =1-0 in both cases. This 
absence of heme-heme interaction in myoglobin agrees with results of Rossi- 
Fanelli et al. (1957) on molluse (Aplysia) and human myoglobins; however, in 
contrast to general belief it is far from true for all myoglobins; on occasion 
Cryptochiton (Amicula) myoglobin shows significant heme—heme interactions— 
1-2 <n< 1-6 (Manwell, 1958b; confirmed in additional experiments), furthermore, 
the author (unpublished) has observed small heme—heme interactions (7 = 1-2) in 
amphineuran Katharina tunicata myoglobin and somewhat larger heme—heme 
interactions (1-3<m<1-8) in Fusitriton (formerly Argobuccinium) oregonensis 
radular myoglobin. 


a 
: 
5 | 
. = 
| / 
960 
| — | 
= 
| 
See 


C. MANWELL 
DISCUSSION 

It appears that both for Travista and for Arhynchite each hemoglobin from a 
different tissue (or location) is biochemically distinct on the basis of oxygen 
equilibria of ion-equalized solutions. The small quantity of pigment available has 
limited the extent of application of other biochemical criteria; however, the three 
hemoglobins of Travisia can also be differentiated on the basis of their behavior 
in the presence of the commonly used deoxygenating agent sodium dithionite 
(Na,S,O,). The vascular pigment is extremely stable, even in the presence of a 
large excess of that reagent; subsequent oxygenation results in the reappearance of 
oxyhemoglobin. ‘The muscle pigment is unstable after exposure to dithionite, the 
pigment being converted to methemoglobin in about 4 hr; however, there is no 
precipitation. Coelomic hemoglobin is converted to methemoglobin even faster 
after the addition of this s:andard deoxygenating agent and exposure to air; 
furthermore, the methoglobin is insoluble. Needless to say, the author refrained 
from using Na,5,O, in O, equilibrium experiments. Repeated determination of 
the O, equilibrium on the same sample results in a gradual decrease in oxygen 
affinity of coelomic but not vascular hemoglobin; this also indicates that the 
coelomic pigment is more unstable than vascular hemoglobin. As intracellular 
hemoglobins have low molecular weights (17-70 x 10°), whereas extracellular 
hemoglobins have high molecular weights (2-20 x 10°) (Svedberg & Pedersen, 
1940), one might expect coelomic and vascular Travisia hemoglobins to differ in 
this way also. 

For Travisia the extremely high oxygen affinity of the various hemoglobins are 
what might be expected for an animal that normally lives in a very oxygen-deficient 
environment. ‘This finding parallels the work of Beadle (1957) on the oligochaete 
Alma emini, which occurs in anaerobic mud of Ugandan swamps; its vascular 
hemoglobin has an extremely high oxygen affinity and displays a slight Bohr ettect 
only at the lowest pH values. The standard interpretation of high oxygen affinity 
hemoglobins in such mud-dwelling forms—and in parasites such as Ascaris 
(Davenport, 1949) and Gastrophilus (Keilin & Wang, 1947)—is as an adaptation to 
obtaining oxygen under conditions of low partial pressures of that gas. However, 
as pointed out by the author (1959a) previously, this may be only part of the 
explanation for the presence of hemoglobin in such forms. 

These animals often have such well-developed anaerobic capabilities that they 
can live for long periods in the complete absence of oxygen. Beadle emphasized 
that Alma lives indefinitely in the laboratory under entirely anaerobic conditions, 
when of course the hemoglobin is never used. Why, then, do these forms have 
hemoglobin ? The ability of hemoglobin to combine with oxygen means that it can 
act as a “buffer” to keep the internal oxygen partial pressure low. In forms such 
as Lumbricus and Arenicola, forms that do require oxygen, the rather high oxygen 
affinity of the hemoglobin means that the blood can deliver to the tissues sufficient 
quantities of oxygen without the internal oxygen partial pressure becoming high, 
the sigmoid curve of the oxygen equilibrium facilitating the unloading of oxygen 
to the body wall and (for Lumbricus) gizzard myoglobin. The parasitic nematode 
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Ascaris may possibly represent this trend, for in this particularly oxygen-sensitive 
animal the pseudocoel hemoglobin—in contrast to the body-wall hemoglobin— 
combines so tightly with oxygen that it does not release this gas to the tissues, even 
in worms kept anaerobic for days (Davenport, 1949). This oxygen-poisoning 


Arhynchite 


Travisia 


Fic. 3. Ecological and respiratory diagrams of the polychaete worm Travisia pupa and 
the echiuroid worm Arhynchite pugettensis. Arrows indicate main diffusion and convection 
paths for oxygen. Observations on Travisia based on living specimens studied in the 
laboratory. Although the ecological position of the rare Arhynchite is not known with 
certainty, the author has observed peristaltic contraction waves travelling from anterior to 
posterior in living specimens of this echiuroid. Exactly the same movements occur in the 
related echiuroid Urechis caupo, the “‘fat innkeeper’, whose occurrence in a ‘“‘U-shaped”’ 
burrow, open at both ends, is well known (see, for example, MacGinitie & MacGinitie, 
1949). 


factor is probably significant for many animals that normally live in regions of 
restricted oxygen partial pressures. Even for forms that normally have oxygen 
transport at high internal oxygen partial pressures, e.g. man, a threefold increase 
in the internal oxygen partial pressures brings on symptoms of oxygen poisoning 
in hours; the human fetus, with blood oxygen normally at about 50 per cent 
partial pressure of that entering adult capillaries, is more sensitive to oxygen 
poisoning than the adult. 

Nevertheless, the hemoglobins of Travisia do appear to be specialized for 
diffusive oxygen transfer to the tissues, for the vascular pigment has the lowest 
affinity, the coelomic pigment an intermediate affinity, and the muscle pigment 
the highest affinity. Such oxygen diffusion would take place at extremely low 
partial pressures of oxygen and possibly only at occasional intervals, for the 
interstitial water of mud environments is often entirely anaerobic and at the best 
at oxygen partial pressures around 10 mm Hg (Jones, 1955). The relationship of 
Travisia to its environment and the most probable pathways of oxygen diffusion 
and convection are shown in Fig. 3. 
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At least on the basis of the oxygen equilibrium of the muscle and coelomic 
hemoglobins, one would expect that Arhynchite pugettensis might live at much 
higher environmental oxygen partial pressures than Travisia (see Fig. 3). Indeed, 
the myoglobin of this animal has a relatively low oxygen affinity (p55) = 10-12 mm 
Hg at 21-22-5°C) when compared with vertebrate or other invertebrate myoglobins, 
either at this temperature or, with the appropriate previously discussed correction, 
at physiological temperatures. ‘This ps9 is more than 100 times that for Travisia 
myoglobin. ‘The higher oxygen affinity of coelomic hemoglobin when compared 
with body-wall muscle hemoglobin may seem surprising. However, Arhynchite 
has no vascular system to provide a ready means of oxygen transport from environ- 
ment to coelom—as in Travisia and most other annelids—where the body-wall 
muscle acquires the bulk of its oxygen from the coelom and the blood vessels. ‘Two 
possibilities remain for oxygen acquisition into the coelom: 

(1) Functioning of the cloacal diverticula (anal vesicles) as organs of external 
respiration, such as the respiratory trees (“water lungs’’) of holothurians; and 

(2) Diffusion from the environment to the body wall, and thence into the coelom. 

Baltzer (1934) considers the cloacal diverticula as excretory organs and states 
that the respiratory function that has been claimed by others is yet to be proven. 
However, Redfield & Florkin (1931) showed that water expelled from the 
hindgut of the echiuroid Urechis caupo has only two-thirds the oxygen content of 
ambient sea-water; thus Urechis is definitely obtaining at least some of its oxygen 
by the anal route. Hence, if the primary diffusion pathway in Arhynchite is from 
the body wall to the coelom, then the higher oxygen affinity of coelomic hemo- 
globin is understandable in terms of an oxygen transfer system. The possibility 
that the coelom picks up oxygen from sea-water taken into the cloacal diverticula 

which is found in Arhynchite (Fisher, 1949)—and that this is slowly circulated 
to the muscle cannot be disregarded; the relative positions of the oxygen equilibrium 
curves of coelomic and muscle hemoglobins cannot be used as evidence to support 
the idea of diffusion through the body wall as the primary means for oxygen 
acquisition. It should be emphasized that the body wall is very thick (2 mm) and 
that the highest myoglobin concentrations are found in muscle that is closest to 
the coelom, not to the epidermis. 

Whereas these studies were made on pigments in solution for purposes of 
exact comparison of biochemical specificity, both Arhynchite hemoglobins occur 
naturally intracellularly. Comparisons inside and outside the cell of hemoglobin 
from the holothurian Cucumaria miniata, hagfish Polistotrema stouti, spiny dogfish 
Squalus suckleyi, skate Raja binoculata and diving bird Aechmophorus occidentalis 
made by the author (1958a, d, e, f, 1959b) indicate relatively little difference 
between the oxygen equilibrium of hemoglobin in potassium phosphate buffered 
solutions of approximately physiological ionic strengths and that for hemoglobin 
in the natural place, the erythrocyte. However, three striking exceptions have 
been noted: 

(a) In teleost fishes Tautoga onitis (Root et al., 1939, 1943), Sebastodes ruber- 
rimus, Scorpaenichthys marmoratus and Gobiesox maeandricus (Manwell, 1957) the 
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Root effect and the heme—heme interactions are different when one compares 
blood and hemoglobin solutions; similarly, erythrocytic suppression of heme—heme 
interactions has been observed for holocephalian Hydrolagus (formerly Chimaera) 
colliei hemoglobin. Furthermore, the extent of the changes are not the same for 
all of these fishes; for while the heme-heme interactions of hemoglobin solutions 
at physiological pH values are much greater than for erythrocyte suspensions in all 
of the forms, the Root effect is differentially affected; for Tautoga and Sebastodes 
the Root effect is shifted over one pH unit into a physiological pH range by the 
erythrocyte, whereas for Scorpaenichthys the erythrocyte suppresses the Root effect. 
The phenomenon appears to be correlated with the presence or absence of the 
swim-bladder and is discussed elsewhere (Manwell, 1960a). 

(5) Particularly as a result of the studies of McCarthy (1943) on adult and fetal 
human hemoglobins it is known that the normal “fetal maternal-shift’’ obtained 
when comparing the oxygen equilibria for adult (maternal) and fetal blood is 
reversed upon hemolysis. 

(c) In the garter snakes Thamnophis elegans and T. sirtalis comparisons of the 
oxygen equilibria of erythrocyte suspensions indicate a medium-sized to large 
“‘fetal-maternal shift’; hemolysis results in identity of equilibrium and denatura- 
tion behavior of adult and fetal hemoglobins, suggesting that the erythrocyte 
somehow imposes differential oxygen affinity on biochemically similar (or 
identical ?) proteins (Manwell, 1957). ‘Therefore, physiological interpretations on 
the Arhynchite data must take into consideration the possibilities of intracellular 
modification. 
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Abstract—Hemerythrin from the coelom of sipunculids has an oxygen affinity 
different from that of the vascular system which supplies the tentacles. In a sipunculid, 
Dendrostomum zostericolum, that uses the tentacles in respiration, the coelomic 
hemerythrin has a much higher oxygen affinity than the vascular pigment, whether the 
comparison is made with hemerythrin in prepared phosphate-buffered solutions or 
in the ‘“‘erythrocytes’’. In a continuously burrowing sipunculid, Siphonosoma ingens, 
which uses the tentacles only in feeding and respires through its body wall, the 
vascular hemerythrin has a higher oxygen affinity than the coelomic hemerythrin. 
Hence, in Siphonosoma the hemerythrins are somehow specialized in the opposite 
direction to those in Dendrostomum; in each case the arrangement of the oxygen 
transfer system is readily correlated with the ecology and respiratory physiology of the 
animal. 


In the preceding paper (Manwell, 1960) tissue specificity involving hemoglobins 
of the muscle and different body fluid regions has been extended to the polychaete 
Travisia pupa, which has three different hemoglobins, and the echiuroid Arhynchite 
pugettensis, which has two distinct hemoglobins. Dissection of sipunculid worms 
of the genus Dendrostomum indicated that not all hemerythrin was contained in 
the main body cavity (perivisceral coelom). Prolonged perfusion (up to 24 hr) 
with sea-water of pinned-out, anesthetized (MgCl,, or 4°, ethanol) or unanes- 
thetized specimens of Dendrostomum zostericolum, D. pyroides or Siphonosoma 
ingens does not remove hemerythrin-containing cellular elements contained in a 
separate circulation confined to the tentacles, main contractile vessel and ‘‘Polian 
vesicles” or “‘villi’” (anatomical terms of Fisher, 1952). Despite claims to the 
contrary (see Hyman, 1959) this vascular system is separate from the coelom in 
all sipunculids examined by the author. However, it is absent from Siphonides 
rickettsii collected at Ensenada, Baja California. Hyman (1959) states that this 
body fluid compartment functions primarily as a reservoir for the expansion of 
the tentacles—a ‘‘compensation sac’; this may well be one function; however, 
for intact, lightly anesthetized specimens of Dendrostomum zostericolum exami- 
nation under low magnification shows a rapid circulation of ‘“‘erythrocytes”’ 
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through expanded tentacles. Consequently, at least for Dendrostomum, the 
possibility of a respiratory transport function of the vascular system, forming a 
link between the sea-water and the perivisceral coelom, exists (Peebles & Fox, 
1933). Baltzer (1934) has also suggested a respiratory function for this separate 
circulation in the genera Dendrostomum and Physcosoma; on the other hand, as 
Baltzer also points out, sipunculids such as Sipunculus and Siphonosoma have 
thick-walled tentacles, which could hardly serve in efficient respiration. Further- 
more, the last two genera have different ecologies from the first two. Specimens 
of Dendrostomum zxostericolum frequently burrow in the sand; periodically, however, 
they’ come to the surface and expand the tentacles for long periods of time; 
Dendrostomum pyroides was not seen to burrow at all, but to spend most of the 
time with the tentacles expanded. In these forms the thin-walled tentacles are 
involved in respiration—and in mucous-ciliary feeding. On the other hand, 
Sipunculus nudus and Siphonosoma ingens always remained buried; specimens in 
the field were collected in blind burrows in muddy sand. ‘These forms do not 
appear to use the tentacles in respiration, but rather in the ingestion of sand. 
Dissection reveals that the vascular systems of the latter two are primarily in the 
vicinity of the retractor muscles and the upper part of the nerve cord, whereas in 
Dendrostomum there are much more extensive ramifications into the tentacles, and 
long blind extensions (Polian vesicles) diverging from the main contractile vessel 
and extending throughout the perivisceral coelom. In both species of Dendro- 
stomum, and in Siphonosoma ingens, the hematocrit of fluid from the tentacular 
circulation is quite high (10-20 per cent); the cells are almost entirely “‘erythro- 
cytes” containing hemerythrin. In D. zostericolum the hemerythrin-containing 
cells of the coelom are twice the diameter of those from the vascular system. 
Furthermore, while conspicuous nuclei are present in coelomic erythrocytes, the 
equivalent cells from the tentacular circulation appear enucleate. ‘This raises the 
question as to whether or not there might be a difference between hemerythrin 
from the two different fluid spaces—coelom and blood vessels. 


MATERIALS AND METHODS 


Specimens of Dendrostomum zostericolum were obtained by intertidal collecting 
among eel-grass roots along the open coast of La Jolla and San Diego; particularly 
large specimens of this sipunculid were obtained from Drs. J. Cushing and J. 
Hickok at the University of California at Santa Barbara. Specimens of Siphonosoma 
ingens were collected infrequently by the author during mud sampling in Mission 
and Newport Bays. Removal of coelomic cells containing hemerythrin and 
preparation of the protein are described in studies on Phascolosoma agassizii 
hemerythrin (Manwell, 1958a), hemolysis being accomplished by addition of 2-3 
vol. of distilled water to 1 vol. of centrifugally packed “erythrocytes”. Coelomic 
fluid of Dendrostomum does not clot, in contrast to that from P. agassizii; hence, 
separation of ‘“‘erythrocytes” from other contaminating cellular elements can be 
done completely. Specimens were then thoroughly flushed with running sea-water, 
followed by isotonic NaCl to remove the last traces of coelomic “‘erythrocytes”’ ; 
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blood was obtained from the main contractile vessel by severing this under 
isotonic saline. The available amount of blood is exceedingly small and the 
hemerythrin is relatively unstable, therefore it was not possible to ion-equalize 
samples by dialysis. However, the final vascular hemerythrin samples, though 
small (0-4 ml), were at the same protein concentration as the coelomic hemerythrin 
preparations, i.e. 1-4°, hemerythrin. Since the properties of the hemerythrins 
slowly change after release from the cell, the hemolysates were used immediately 
after clearing of stroma by centrifugation. Hence, oxygen equilibria were often 
determined within 4hr after hemolysis; repeated determinations on the 
same sample showed complete reproducibility providing the sample had not 
“aged”? more than 8-10 hr, and was at a pH between 6:5 and 8. ‘The technique 
for determination of oxygen equilibrium of hemerythrin is discussed elsewhere 
(Manwell, 1958a); a Beckman model DU spectrophotometer was used. Determina- 
tion of oxygen equilibria of hemerythrin within the erythrocyte is particularly 
difficult, for the specific molar extinction coefficients for oxyhemerythrin are much 
less than those for hemoglobin, so that light-scattering effects predominate. ‘These 
were reduced by partial clarification, in some instances with bovine serum albumin 
(10 per cent solution), at other times with the sugar-dextrin solution, commercially 
called ‘“‘Karo’’. ‘These solutions also eliminate fluctuations in light scattering from 
rouleaux formation, although they increase the viscosity and lower the pH. For 
sipunculid hemerythrin the latter effect is unimportant in the absence of a Bohr 
effect. Thus, with reduced and more constant light scattering it was possible to 
obtain oxygen equilibria of cell suspensions from the coelom and the blood vessels 
of the most readily available form, Dendrostomum zostericolum. ‘The quantity of 
vascular “‘erythrocytes” is so small that clearly any of the best microgasometric 
techniques for oxygen determination are not applicable. Samples were always 
inspected for hemolysis after the oxygen equilibrium experiments. The cells are 
quite stable, especially in the presence of protein. 


RESULTS 

Comparison of the oxygen equilibria of phosphate-buffered hemerythrin 
solutions prepared from coelomic and vascular erythrocytes of Dendrostomum 
sostericolum are presented in Fig. 1. It can be seen that for two sets of experiments 
vascular and coelomic hemerythrins show very different oxygen affinities; p59, the 
oxygen partial pressure at which the pigment is exactly half-saturated with oxygen, 
is 3-5 mm Hg for coelomic hemerythrin and 15 mm Hg for blood hemerythrin. 
Both pigments show very small but significant interactions between the oxygen- 
affine centers; =1-2-1-3 for coelomic hemerythrin, = 1-1 for blood hemerythrin. 
Neither pigment showed any Bohr effect. In Fig. 2 are oxygen equilibrium curves 
for dilute ‘‘erythrocyte” suspensions of samples of coelomic fluid and blood taken 
from several specimens of Dendrostomum zostericolum. ‘These show that the relative 
relationship between the oxygen equilibrium curves for coelomic and vascular 
hemerythrin in solution holds also for the respiratory pigment in the natural place. 
The oxygen affinities are less than those for the pigments in prepared solution—a 
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oxyhemerythrin 


Percent 


Partial pressure of oxygen, mmHg 


Fic. 1. Oxygen equilibria of coelomic fluid and blood hemerythrin solutions prepared from 

the body fluids of the sipunculid Dendrostomum zostericolum. Potassium phosphate 
buffer; ionic strength =0-20. Temperature, 20°C. 
pH 
Coelomic hemerythrin: © 7:86 
7:42 
@ 5:80 

Blood vessel hemerythrin: x pH=7:25; +pH=6-67. 


oxyhemery thrin 


Percent 


Partial pressure of oxygen, mmHg 


Fic. 2. Oxygen equilibria of coelom and blood “‘erythrocytes’’ from the sipunculid 


Dendrostomum zostericolum. ‘Erythrocytes’? suspended in isotonic saline containing 
“Karo” or bovine serum albumin for partial clarification as explained in the text. 
Temperature, 19-4—20-6°C. 
pH 
Coelomic fluid “‘erythrocytes”’ O 7:32-6:34 
Blood vessel “‘erythrocytes” 
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result similar to that seen upon comparison of hemoglobin in the cell and in 
solution (discussed in Manwell, 1960). For coelomic “‘erythrocytes” the p59 is 
4-5 mm Hg; for vascular “erythrocytes” the p;) is 40-45 mm Hg; as with hemery- 
thrin in solution, there is no Bohr effect and the interactions between the 
oxygen-affine centers are very small. ‘These data were obtained at 20°C, which is 
below the upper limit of temperatures to which Dendrostomum zostericolum is 
normally exposed. Many experiments were performed on the oxygen equilibrium 
of Dendrostomum coelomic hemerythrin under a variety of conditions; these 
showed that: 

(a) The heat of oxygenation is —20 kcal/mole, which is similar to the —18 
kcal/mole observed for Golfingia (formerly Phascolosoma) gouldi by Klotz & 
Klotz (1955) and to the — 17 kcal/mole observed for Phascolosoma agassizii by the 
author (1958a). Hence the position of the oxygen equilibrium curve at any 
desired temperature can be calculated by the use of the integrated form of the 
van’t Hoff equation. 

(b) No difference in the oxygen equilibrium was observed in repeated sampling 
of different individuals from different populations, one at La Jolla, the other at 
Santa Barbara, even though the hematocrit of coelomic fluid of the former indivi- 
duals was lower than that for the somewhat larger specimens obtained from 
Santa Barbara. In fact, the oxygen equilibrium of coelomic hemerythrin from 
Dendrostomum zostericolum is the same as that from Dendrostomum pyroides and 
Dendrostomum sp. (collected in mud in Mission Bay, San Diego). 

(c) CO, has no specific effect on the oxygen equilibrium of coelomic hemery- 
thrin, which is in general rather insensitive to variations in the ionic nature of the 
buffering medium and to differences in protein concentration in the range of 
1-10 per cent. In this respect coelomic-hemerythrin resembles hagfish (Polisto- 
trema) hemoglobin (Manwell, 1958b); however, a specific effect of CO, distinct 
from its acidification properties, has been observed for horse hemoglobin by 
Margaria and Milla (1955); the author (1957) observed similar results for teleost 
fish Sebastodes ruberrimus (“‘red snapper’’) hemoglobin. 

For the mud-burrowing sipunculid Szphonosoma ingens, studies on the oxygen 
equilibria, shown in Fig. 3, indicate that coelomic hemerythrin has a lower 
oxygen affinity than vascular hemerythrin, although the affinities of both pigments 
are very high, as might be expected for a form whose respiratory milieu is a 
burrow filled with interstitial water. The p59 for vascular hemoglobin is 1-0 mm 
Hg, whereas the p;, for coelomic hemerythrin is 1-8 mm Hg (temperature of 
18-5°C). In contrast to Dendrostomum hemerythrins there are absolutely no 
interactions between oxygen-affine centers for Siphonosoma hemerythrins ( = 1-00). 
Oxygen-affine center interactions exist in coelomic hemerythrins of Sipunculus 
nudus (data of Florkin, 1933) and Golfingia gouldii (Kubo, 1953; Manwell, 1960, 
unpublished results), but not in the coelomic hemerythrin of Phascolosoma agassizti 
(Manwell, 1958a); all of these sipunculid hemerythrins lack Bohr effects. However, 
the absence of a Bohr effect is not an inherent property of the hemerythrin 
molecule, for brachiopod (Lingula) hemerythrin shows a fairly large Bohr effect, 
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as well as completely reversible pH dependent oxygen-affine center interactions 
(Manwell, 1959, unpublished results); both effects may be mediated by a single 
critically placed imidazole group of a histidine residue, which is absent from 
sipunculid hemerythrins. 


oxyhemerythrin 


Siphonosoma ingens 


Percent 


Partial pressure of oxygen, mmHg 


Fic. 3. Oxygen equilibria of blood and coelomic fluid hemerythrins prepared from the 
body fluids of the sipunculid Siphonosoma ingens. Potassium phosphate buffer; ionic 
strength 0-20. Temperature, 18-5°C. 
pH 
Blood vessel hemerythrin: K 
7:30 
Coelom hemerythrin: O pH=8:78; 
© pH=7:°57; 
pH=7-09; 
@ pH=6°03. 


DISCUSSION 

The possibility has not been entirely ruled out that differences in the ionic 
environment could account for the observed differences in the oxygen equilibria 
of hemerythrin from the coelom, and hemerythrin from the separate circulation 
confined to the contractile vessel, Polian diverticula, and the tentacular spaces. 
However, in view of the relative insensitivity of the oxygen—hemerythrin equili- 
brium to changes in the chemical environment, the oxygen equilibria data suggest 
tentatively that coelomic and vascular hemerythrins are distinct proteins. Stronger 
evidence for the distinctness of these hemerythrins comes as a result of observations 
on the rate of oxidation to methemerythrin. The coelomic pigment of Dendro- 
stomum is much more stable than the vascular pigment, the latter being autoxidized 
about ten times as rapidly. Filter paper electrophoresis in barbital buffer (pH 8-6; 
y.=0-05) indicates that coelomic hemerythrin of D. zostericolum migrates three 
times as rapidly as does vascular hemerythrin; in potassium phosphate buffer 
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(pH 6-8; .=0-05) the vascular pigment migrates slightly faster than the coelomic 
pigment and yields a much more diffuse pattern. In ammonium sulfate the 
vascular pigment is slightly more soluble than the coelomic pigment. Identical 
results were obtained in electrophoretic and solubility studies whether one used 
crude hemolysates or proteins purified by ammonium sulfate fractionation between 
35 and 50 per cent saturation at 0°C and with subsequent dialysis. 


Siphonosoma 


ingens 


Fic. 4. Ecological and respiratory diagrams of the sipunculid worms Dendrostomum 
zostericolum and Siphonosoma ingens, based on observations and dissections by the author. 
Arrows indicate main diffusion and convection paths for oxygen. Note the extensive 
diverticula (‘‘Polian vesicles’’) from the main contractile vessel of Dendrostomum in contrast 
to the minute villi that cover the main contractile vessel in Siphonosoma. The species 
are not found in the same area; Dendrostomum is most frequent on slightly protected open 
coast, usually, but not invariably, amongst eel-grass roots; the sand that it digs in is 


often so loose as to leave no well-defined burrow. Siphonosoma is found in muddy sand in 
bays, often a foot or more below the surface in well-defined burrows that extend for several 
feet, although with no detectable connection to the surface. 


Whatever the explanation may be for the difference in O, equilibria between the 
two hemerythrins, the difference is potentially significant physiologically, for the 
same relation holds when the pigments are studied im situ. "The vascular pigment 
has such a low oxygen affinity in comparison to coelomic hemerythrin, that for 
Dendrostomum xostericolum it clearly could provide an oxygen transfer system, 
facilitating diffusion of oxygen from the vascular system into the coelom (see 
Fig. 4). ‘There may be yet another hemerythrin in D. zostericolum; the retractor 
muscles of this form have a very pale violet-pink color when oxygenated. Cross- 
sections of living muscles show that this color zone is in the periphery of the 
muscle. Extraction with distilled water gives a pink solution which shows a faint 
hemerythrin band at 490-500 mu. Deoxygenation removes the color. Since there 
is no capillary circulation in these muscles, the possibility of a “myohemerythrin’”’ 
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cannot be neglected. ‘The pigment appears to be somewhat unstable and is present 
in extremely minute amounts. In small specimens of the same species the muscles 
are colorless; in occasional large specimens the muscles are very distinctly tinted. 

In contrast to Dendrostomum szostericolum, the coelomic hemerythrin of 
Siphonosoma ingens has a lower oxygen affinity than the vascular hemerythrin. 

As SS. ingens uses its thick-walled tentacles only in feeding, the vascular system 
must acquire its oxygen from the coelom, which in turn receives oxygen that 
diffuses in through the body wall (see Fig. 4). ‘There are small coelomic pockets 
extending into the body wall of many such burrowing sipunculids (Fisher, 1952); 
these pockets may serve to lessen the distance oxygen must diffuse through the 
body wall. Exactly as might be expected, the vascular hemerythrin in this form 
has the role comparable to coelomic hemerythrin in forms like Dendrostomum that 
use the tentacles in obtaining oxygen from well-oxygenated sea-water. The much 
higher overall oxygen affinity of Siphonosoma hemerythrins is very likely correlated 
with the low ambient oxygen tensions of interstitial water in muddy sand environ- 
ments (Fig. +). The adaptation involving an oxygen transfer system may not be 
as important in continually burrowing forms, e.g. Siphonosoma, as it is in tentacle- 
respiring forms, e.g. Dendrostomum, for in such burrowing forms as Sipunculus 
nudus and Golfingia gouldii the vascular system is extremely reduced and in 
Siphonides rickettsii it is lacking. 

The vascular hemerythrin of Dendrostomum appears specialized for oxygen 
transport; the higher oxygen affinity of coelomic hemerythrin renders this pigment 
more suitable for oxygen storage. However, coelomic hemerythrin is an oxygen 
reservoir of only marginal significance for the animal, since Dendrostomum 
sostericolum can remain alive for days in an anaerobic medium, long after the 
coelomic hemerythrin has become deoxygenated (Peebles & Fox, 1933; Manwell, 
1958, unpublished results). Similarly, Edmunds (1957) found that specimens of 
the Australian sipunculid Dendrostomum cymodoceae used up oxygenated coelomic 
hemerythrin within 6 hr, although the animals can tolerate anaerobiosis for 5 days. 
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Résumé—L existence dans l’axe corné des Gorgones d’une scléroprotéine (gorgonine) 
renfermant parfois jusqu’a 10%, d’iode est depuis longtemps connue. La formation 
des acides aminés iodés que renferme cette iodoprotéine a été étudiée au moyen de l’iode 
radioactif 

Des gorgones (Eunicella verrucosa (Pallas), var. typica) immergées dans de |’eau 
de mer additionnée d’!**INa a dose traceuse fixent les iodures avec une remarquable 
régularité. Le mécanisme de cette concentration est si efficace qu’en 15 jours 4+18 
les gorgones fixent la quasi-totalité des iodures présents. Ce processus est inhibé 
réversiblement par le sulfocyanure de potassium, comme la fixation des mémes ions par 


la glande thyroide des Vertébrés. 
L’analyse radiochromatographique des protéines des tissus vivants et de l’axe 


corné des gorgones étudiées montre que tous deux renferment des combinaisons 


organiques iodées, parmi lesquelles on a caractérisé la 3-monoiodotyrosine et la 
3 : 5-diiodotyrosine marquées (la formation de thyroxine et de 3: 5 : 3’-triiodo- 


thyronine marquées n’a pas été constatée). La synthése de ces acides aminés parait 


n’avoir lieu que dans le tissu sécrétant les gorgonines ou leurs précurseurs pro- 


teiques. Les gorgonines ne sont pas le siége d’une ioduration ultérieure des restes 


de tyrosine, qu’elles renferment a l'état non halogéné lors de la formation des fibres 


proteiques. La présence d’iodotyrosines dans les gorgonines ne saurait étre rattachée 


a une fonction thyroidienne élémentaire, bien que des traces de thyroxine et de 


3: 5 : 3’-triiodothyronine, caractérisées antérieurement, les accompagnent; elle ne 


parait répondre qu’a une fonction structurale de ces scléroprotéines, éléments fixes 


du tissu de soutien. 


Abstract 
skeleton of sea-fans (Gorgons) has long been known. The formation of iodinated 


The presence of gorgonins containing up to 10°, iodine in the corneous 


amino acids in these proteins has been studied with radioactive iodine (**11). 

Gorgons (Eunicella verrucosa (Pallas), var. typica) immersed in sea-water con- 
taining tracer-doses of ™!INa concentrate iodides with remarkable regularity. The 
efficiency of this process is such that in 15 days at 18°C nearly all the iodides present 
are fixed by the gorgons. Potassium thiocyanate inhibits this phenomenon reversibly, 
as in thyroid gland. 


Radiochromatographic analysis of the proteins of living tissues and of corneous 
skeleton shows that both contain labelled 3-monoiodo- and 3 : 5-diiodotyrosine. 
Formation of iodothyronines has not been observed. The synthesis of the two 
iodinated amino acids seems to take place only in living tissue secreting the precursors 


of gorgonins. The fibres of these do not seem to be halogenated later. 
The presence of iodotyrosines in gorgonins is probably not bound to an elemen- 


tary thyroid function, even if these compounds are accompanied by traces of thyroxine 
and 3: 5 : 3’-triiodothyronine, as shown in previous researches. The role of iodo- 


tyrosines of gorgonins seems to be only structural; they are probably permanent 


constituents of the protein fibres of the corneous skeleton. 
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LE squelette corné des Gorgonaires renferme une scléroprotéine riche en iode et 
pouvant contenir jusqu’a 10 pour cent de cet élément, associé a de petites quantités 
de brome chez Eunicella verrucosa (Pallas) (Balard, 1825). La teneur en halogénes 
des gorgonines présente, d’une espéce a l'autre, des différences importantes, que 
l’on a pu rapporter a l’inégalité de leurs teneurs respectives en L-tyrosine (Roche & 
Esseyric-Lafon, 1951); la quasi-totalité de Diode de ces protéines est, en effet, 
comprise dans la 3-monoiodotyrosine (MIT) (Fromageot et al., 1948) et dans la 
3: 5-diiodotyrosine (DIT) (Drechsel, 1896). On y trouve, en dehors de celles-ci 
des traces de thyroxine (Roche et al., 1951) et de 3:5: 3’-triiodothyronine (Roche 
& Jouan, 1956), lesquelles n’exercent aucune fonction hormonale car, incorporées 
aux scléroprotéines, elles ne sont, a ce titre, pas susceptibles d’en étre réguli¢rement 
libérées par une hydrolyse enzymatique. Aucun travail n’a été poursuivi jusqu’ici 
sur les modalités selon lesquelles se constituent les gorgonines et l’on ignore si 
elles s’enrichissent progressivement en iode ou si elles sont sécrétées telles qu’on 
les trouve dans I’axe corné des Anthozoaires. Nous avons entrepris des recherches 
4 ce sujet en étudiant le métabolisme de l’iode radioactif chez une gorgone particu- 
liérement riche en halogénes, Eunicella verrucosa (Pallas), variété typica. 


PARTIE EXPERIMENTALE 
1. Etude quantitative de la fixation des todures 

Des gorgones pesant de 10 a 40 grammes, récoltées en baie de Naples et 
acclimatées en aquarium pendant plusieurs semaines, ont été placées 4 + 18°C, 
chacune dans un cristallisoir renfermant 5000 ml d’eau de mer additionnée 
d’!31] Na sans entraineur (1 wC/75 ml), sous aération modérée continue. La radio- 
activité de l’eau de mer a été mesurée, 4 l’aide d’un compteur 4a scintillation et 
cristal creux, tous les jours ou tous les deux jours sur une prise d’essai; celle de 
l’animal a été déterminée en fin d’expérience. Les résultats d’essais de ce type, 
tous concordants, ont été reportés sur la Fig. 1. Ils illustrent le fait que les gorgones 
étudiées fixent réguliérement et en abondance l’iode, puisque de 60 a 70 pour cent 
de celui-ci ont été concentrés par elles en 15 jours dans les conditions adoptees. 
Les bilans, déterminés 4 partir des pertes de l’eau de mer en radioactivité, et les 
gains de l’animal en celle-ci se sont montrés satisfaisants. La régularité de la 
fixation des iodures est remarquable tant que les animaux demeurent en bon 
équilibre physiologique; un ralentissement de ce processus coincide avec un 
déréglement de celui-ci. Rapportée non plus a "I initial, mais a "I existant au 
début de chaque période comprise entre deux mesures (Fig. 1, partie b), la con- 
centration des iodures est presque constante pendant les périodes d’observation. 
Ces faits traduisent l’aptitude exceptionnelle de la gorgone étudiée a fixer les ions 
I-, méme a des concentrations aussi faibles que celles existant dans de l’eau de mer 
fortement appauvrie en ces ions. 

Deux expériences, dont l’une a permis d’établir les courbes reproduites sur 
la Fig. 2, ont montré que la fixation des ions I~ par la gorgone est inhibée par le 
sulfocyanure de potassium, comme elle l’est aussi par le méme produit dans le 
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2 6 8 
Jours 
(b) 
Fic. 1. Fixation d’!"I (+ 18°C) par des gorgones (Eunicella verrucosa (Pallas), var. typica). 
(a) Exemple de résultats obtenus en présence d’eau de mer additionnée d’une dose 
traceuse (75 »C/100 ml) exprimés en p. 100 total initialement présent 
(temps 0). (b) Exemple de résultats obtenus dans les mémes conditions, exprimés en 
p. 100 "I présent a chaque mesure antérieure (temps 0, 1° jour, 2° jour, chaque jour 
jusqu’au 15€me), 


a 
a 


JOurs 
(a) 
Fic. 2. Fixation d’***I (+18°C) par des gorgones (Eunicella verrucosa (Pallas), var. 
typica) en la présence et en l’absence de sulfocyanure de potassium a 0,05 pour cent. 
(a) Résultats teémoins obtenus en présence d’eau de mer additionnée d’une dose traceuse 
(75 wC/100 ml) d’*4INa. (b) Résultats obtenus dans les mémes conditions, avec addition 
de sulfocyanure de potassium a 0,05 pour cent au 7éme jour et élimination de celui-ci 
au 10éme jour. 
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(a) (b) 


Fic. 3. .Radioautochromatogrammes des constituants marqués d’Eunicella verrucosa 
(Pallas) ayant séjourné dans de l’eau de mer additionnée d’!'INa (75 »C/100 ml), séparés 
par chromatographie sur papier Whatman No. 1 dans un mélange de n-butanol—acide 
acétique—eau (78 :5 :17)a+18 °C. (a) Extrait n-butanolique des tissus mous recourant 
l’axe corné hydrolysés par les protéinases pancréatiques et la papaine dans les conditions 
décrites ci-dessus. (b) Hydrolysat de la gorgonine de l’axe corné purifié par élution et 
chromatographies successives (voir texte). MIT = 3-monoiodotyrosine; DIT = 3 : 5- 
diiodotyrosine. 
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corps thyroide des Vertébrés (Astwood, 1949). L’examen de cette courbe rend 
compte de divers faits. D’une part, l’inhibition par le sulfocyanure de potassium a 
0,05 g pour cent est totale et quasi immédiate et elle cesse dés que la gorgone est 
rincée et replacée dans de l’eau de mer iodée non additionnée de ce corps. D’autre 
part, en dehors de l’inhibition de la concentration des iodures, le sulfocyanure de 
potassium provoque une petite perte de la radioactivité antérieurement fixée par 
la gorgone. Ce phénoméne, qui se manifeste également dans le cas du corps 
thyroide des Vertébrés, traduit alors la mise en liberté d’halogéne non compris 
dans des combinaisons organiques. Dés lors, il y avait lieu de rechercher dans 
quelle mesure liode fixé par Eunicella verrucosa (Pallas) est rapidement métabolisé 
et si la scléroprotéine est ou non sécrétée telle qu’on la trouve dans Il’axe corné 
ou si elle s’y halogéne progressivement. 


2. Répartition d’!*"] et nature des combinaisons todées marquées 


Des Eunicella enrichies en 1] par un séjour de quinze jours 4 + 18°C dans de 
l’eau de mer additionnée d’!"INa (1 wC/75 ml) ont été traitées par HCI a 50 pour 
cent jusqu’a dissolution complete de leur gaine calcaire, opération qui ne comporte 
aucune perte de radioactivité. Aprés extraction par l’acétone, les parties molles 
recouvrant l’axe corné ont été séparées au scalpel; elles représentent environ 
10 pour cent du poids frais et 5 pour cent du poids sec de la gorgone décalcifiée. 
On y trouve de 20 a 25 pour cent de la radioactivité totale, alors que 75 a 80 pour 
cent de celle-ci sont présents dans les scléroprotéines de l’axe corné. II est donc 
certain qu’!*![ est concentré effectivement par les tissus mous et qu’il passe en 
quelques jours dans les gorgonines du tissu de soutien. L’analyse radiochromato- 
graphique des constituants iodés des uns et de l’autre nous a paru susceptible 
d’apporter des informations utiles en ce qui concerne le mécanisme de ce processus. 
Elle a été poursuivie sur trois Eunicella, dont chacune a fait l’objet d’une série 
d’essais. 

Les parties molles, renfermant seules des cellules susceptibles de concentrer 
les ions I-, de les métaboliser et de sécréter des fibres de scléroprotéine, ont été 
extraites par de l’ammoniaque 4 1 pour cent. Elles ne cédent a celui-ci qu’une 
faible fraction de leur radioactivité (10 pour cent environ), que l’électrophorése sur 
papier de l’extrait permet de localiser dans des iodures. Aprés homogénéisation 
au broyeur de Potter, lyophilisation, délipidation a |’éther déperoxydé, on soumet 
les tissus 4 une hydrolyse enzymatique par action des protéinases pancréatiques 
totales (trypsine non fractionnée des Laboratoires Armour) 4 pH=8,5 pendant 
48 h a +37°C, suivie de celle de la papaine activée par H,S, a pH=5,0 pendant 
24 h a +37°C. Environ 25 pour cent seulement de la radioactivité du tissu 
peuvent étre extraits par le n-butanol saturé en HCl 0,1 N apres cette hydrolyse; 
un résidu insoluble de scléroprotéines en retient prés de 65 pour cent. La radio- 
chromatographie de I’extrait butanolique est alors opérée sur papier Whatman 
No. 1 dans les solvants usuels séparant les iodures et les diverses iodothyronines, 
entre autres le mélange: n-butanol-acide acétique—eau (78: 5: 17). Un exemple des 
résultats obtenus est reproduit sur la Fig. 3(a). Elle a permis de caractériser la 
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3-monoiodotyrosine (MIT) et la 3:5-ditodotyrosine (DIT). Deux taches non 
identifices les accompagnant (X,, X,) sont probablement dues a des peptides de ces 
acides aminés et il y a lieu de remarquer l’absence d’iodures libres. 

L’axe corné renfermant de 75 a 80 p. 100 d’!"I fixé par la gorgone est réduit en 
fragments de 10-20 mm, puis hydrolysé par NaOH 6 N a l’ébullition pendant 
18 heures, afin d’en libérer les acides aminés iodés. Cette opération ne peut pas 
étre réalisée au moyen de protéinases et la soude est le réactif hydrolysant en 
présence duquel les iodotyrosines sont les plus stables. Aprés acidification a 
pH=6,0 et centrifugation, le liquide surnageant a été lyophilisé et délipidé a 
l’éther déperoxydé, ce qui n’entraine aucune perte de radioactivité. L’extraction 
par le n-butanol 4 pH = 1,0 permet de séparer 85 pour cent environ d’*"I présent. 
La solution obtenue ne se préte pas a la chromatographie, car elle est trés riche en 
produits divers, colorés ou non, génant la migration des taches. II] a été soumis a 
des purifications successives (quatre ou six selon les échantillons) par élution des 
taches marquées, au moyen d’ammoniaque diluée, chromatographie des 
produits radioactifs dans le n-butanol acétique ou ammoniacal et élimination des 
iodures par électrophorése sur papier. On a pu y mettre en évidence la présence 
de quantités importantes de 3-monoiodotyrosine (MIT) associée a des quantités 
moindres de 3:5-diiodotyrosine (DIT) marquée (Fig. 3b). Une fraction non 
négligeable de l’iode organique ayant été libérée a l’état diodures par hydrolyse 
alcaline, il n’est pas surprenant que la répartition de lhalogéne entre les deux 
iodothyronines ne corresponde pas a celle qu’indique l’analyse des tissus mous 
et que l’on ne puisse pas mettre en évidence les traces d’iodothyronines que 
décéle étude des acides aminés non marqués dans les gorgonines (Fromageot 
et al., 1948; Drechsel, 1896). 


DISCUSSION DES RESULTATS 

La concentration des iodures par Eunicella verrucosa (Pallas) s’opere tres 
intensément a partir de l’eau de mer, laquelle renferme, dans les conditions de nos 
essais, 15 4 25 y d’iode par litre (von Fellenberg, 1923). Son mécanisme présente 
des analogies avec celui existant dans le corps thyroide, en ce sens que le-sulfo- 
cyanure de potassium exerce dans les deux cas une action inhibitrice réversible 
et que l’intégration de l’halogéne fixé dans des combinaisons organiques est rapide. 
Comme il a été antérieurement établi (Roche & Esseyric-Lafon, 1951; Fromageot 
et al., 1948; Drechsel, 1896), ces combinaisons sont, a des traces d’iodothyronines 
prés (Roche et al., 1951; Roche & Jouan, 1956), les 3-monoiodotyrosine et 
3: 5-diiodotyrosine. 

L’halogénation des gorgonines parait avoir lieu 4 un certain stade de leur 
formation et avant leur incorporation au squelette corné, probablement dans un 
précurseur protéique, au sein des cellules qui les élaborent. Le fait, signalé 
antérieurement (Lafon & Mayol, 1948) que, chez une méme gorgone, diverses 
parties de l’axe corné présentent des teneurs assez différentes en iode, doit sans 
doute étre relié 4 ’halogénation de la protéine antérieurement a sa rigidification a 
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l’état de fibre. Les cellules concentrant les iodures doivent nécessairement réaliser 
leur oxydation, ce qui permet a l’iode libéré de réagir avec les restes de tyrosine 
selon les équations: 


(1) RH,+1,— RHI+IH_ et (2) RHI+1, = RI,+HI, 


dans les précurseurs cellulaires protéiques des gorgonines. La formation des 
fibres scléroprotéiques paraissant mettre en ceuvre des processus auxquels participe 
la polyphénoloxydase (Pryor, 1940; Pryor et al., 1946), on peut penser que cet 
enzyme est responsable de l’oxydation d’I~ en I,, le précurseur de la gorgonine 
s’iodant avant que cette derniére soit incorporée 4 l’axe corné dont elle est le 
constituant protéique. 

Les Gorgonaires possédent donc un mécanisme exceptionnellement puissant 
de concentration des ions I-, a partir desquels ils réalisent l’ioduration a un degré 
élevé des protéines sécrétées en vue de constituer leur tissu de soutien. Comme il a 
été établi antérieurement (Roche et al., 1947), seules des différences de structure 
de ces scléroprotéines et de la thyroglobuline expliquent que liodation des 
premiéres ne conduise pas a la formation de quantités appréciables d’iodothyro- 
nines de la série thyroxinienne, alors que celles-ci prennent naissance au sein de la 
protéine thyroidienne. L’opinion, fréquemment émise, que l’existence d’iodo- 
tyrosines dans les gorgonines est l’indice d’une ébauche de fonction thyroidienne 
ne parait plus pouvoir étre admise. Les scléroprotéines de l’axe corné ne renfer- 
ment en effet que des traces d’iodothyronines (thyroxine et 3: 5: 3’-triiodothyronine) 
comprises dans des fibres ne paraissant faire l'objet d’aucun remaniement aprés 
leur intégration dans le tissu de soutien. 

La fonction de ces protéines parait étre uniquement structurale et sans liaison 
avec un processus endocrinien. 


CONCLUSION 


Des recherches mettant en oeuvre de l’iodure de sodium marqué par I ont 
permis d’étudier le mécanisme de la fixation de liode par une gorgone, Eunicella 
verrucosa (Pallas) variété typica. Celle-ci concentre rapidement et efficacement les 
ions I~ de l’eau de mer, par un processus qu’inhibe le sulfocyanure de potassium. 
Les iodures fixés sont rapidement intégrés dans des combinaisons organiques dont 
la 3-monoiodotyrosine est la plus abondante, la 3: 5-diiodotyrosine l’accompagnant 
dans tous les cas. Ces deux iodotyrosines sont élaborées par les tissus vivants de 
l’Anthozoaire, ce qui implique l’oxydation préalable des iodures au sein de ceux-ci; 
elles y sont présentes dans des protéines paraissant étre les précurseurs des gor- 
gonines. Les fibres de celles-ci sont sécrétées a |’état d’iodoprotéine et il est peu 
probable que l’on doive envisager leur enrichissement ultérieur en halogéne, une 
fois incorporées dans I’axe corné.* 


* Ce travail a été poursuivi grace A une aide financiére de l’Atomic Energy Commission 
(U.S.A.), 4 laquelle nous exprimons des remerciements. 
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Abstract—1. Some of the electrical potentials found in the body of the isopods 
are described in this paper. 

2. In particular there are a series of large regular potentials that sound as a loud 
‘“‘crump”’ over the loudspeaker and these have been found in all the isopods so far 
studied; Porcellio, Armadillidum, Oniscus, Ligia, Asellus, Naesa and Idotea. 

3. The average frequency of these potentials in Oniscus was 7-8 per minute. 

4. The potentials could be found in the isolated head but could not be correlated 
with any movement of jaws, antennae, oesophagus, etc. 

5. It is tentatively suggested that the potentials may be due to a group of cells 
synchronously active in the protocerebrum and deuterocerebrum. 


INTRODUCTION 


Over the past forty years there have been many studies on the electrical activity 
occurring in the body and nervous system of invertebrates. The literature has 


to some extent been summarized by Prosser (1946), Bullock (1947), Prosser et al. 
(1950) and Buddenbrock (1952, 1953). In particular the giant nerve fibres and 
their large potentials have come in for special consideration, partly due to their 
ease of access and partly to the distinction with which the giant potentials stand 
out from the background electrical activity. 

It is intended in the present paper to describe some of the results that we have 
obtained from studying the electrical activity in certain isopod crustaceans. Most 
of the previous physiological investigations on these animals have been concerned 
with the water relationships of the terrestrial species (Edney, 1957) but we hope 
to show here that the isopods exhibit some interesting electrical activity and these 
will now be described. 


APPARATUS 


The electrical activity was recorded by means of various types of electrodes 
(stainless steel pins, steel pins, platinum wire, silver—silver chloride) and were led 
in to a Cape Electrophonics High Gain Amplifier and displayed on a Cossor 
Oscilloscope and a loudspeaker. In those experiments where the activity was 
recorded on a kymograph, the potentials were amplified in a Leak 12 W amplifier 
and the output led to a Palmer B17 signal marker which made contact with the 
smoked drum. All experiments were carried out under conditions of controlled 
humidity and temperature. 
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RESULTS 

If one places pin electrodes into the body of any of the common British wood- 
lice such as Oniscus asellus, Porcellio scaber or Armadillidium vulgare, they will 
record the series of electrical potentials that occur in the body of the whole animal. 
Some of these potentials are referable to muscle activity since their occurrence 
can be correlated with the onset of movements by the legs or antenna. Other 
potentials appear to be typical injury potentials or simple spike potentials of the 
type commonly found in most invertebrates. Quite frequently, however, a different 
type of potential occurs; this sounds over the loudspeaker as a loud “crump” 
and it may occur with considerable regularity. 

Fig. 1(a) shows the type of record obtained from two pin electrodes placed in 
the body of Porcellio. ‘The recording was taken 5 min after the electrodes 
had been inserted into the animal and the crump potentials appeared at approxi- 
mately 5 sec intervals. ‘The animal showed little or no struggling and so 
few “‘spontaneous” leg potentials were recorded. If the legs were stimulated to 
move by mechanical stimulation, the potentials shown in Fig. 1(b) appeared. 
These were much smaller than the crump potential but if the animal moved its 
leg “‘spontaneously”’ then the potentials became almost equal in amplitude to the 
crump potentials. Fig. 1(c) shows the type of potential that occurs when the animal 
makes a small movement of the legs. We do not think that the crump potentials are 
due to such muscle activity since the crump can often be observed when there is 
no visible movement of the animal. This is discussed in more detail on page 298. 
The crump potentials have been found in all the isopods that we have so far 
examined. Fig. 2 shows the potentials obtained from Porcellio scaber, Armadillidium 
vulgare, Oniscus asellus, Ligia oceanica and Asellus meridian. It is also found in 
Naesa bidentata and Idotea granulosa. On the other hand we have not found such 
potentials in amphipods (Gammarus sp. and Cheleura terebrans) nor in decapods 
(Astacus fluviatilis or Carcinus maenas). 

The crump potentials occur with regularity in the isopods. ‘They are composite 
potentials containing from 2 to 40 spikes, the whole envelope of potentials lasting 
from 20 to 100msec. ‘The recorded voltage of the potential depends upon 
the degree of shunting through the adjacent tissues but crumps up to 500 nV have 
been recorded from pin electrodes. 

There is considerable variability in the pattern of the crump, this occurring 
even in crumps recorded from the same individual. Fig. 3 shows traces taken from 
Oniscus. The crumps occurred every 5sec and the records were taken at 
1-min intervals. It will be seen that though the general pattern of the crump 
was very similar there were differences in the detailed structure; certain spikes 
varied in their position and size. 

The variation was greater as the time interval between recorded crumps 
increased. ‘Thus the crumps shown in Fig. 4A were recorded one after the other 
at 4 sec intervals. ‘Those in Fig. 4B were also recorded one after the other at 4 sec 
intervals but there was a 10 min interval between the sets A and B. The figure 
shows that there is quite close agreement between crumps recorded one after 
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Eye removed 


Fic. 10. The effect of removing the eye of Oniscus on the crump frequency. The crump 
frequency was increased for a short time after the operation. Time interval 1 sec. 
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the other, but less agreement as the time-interval between the recorded crumps 
increased. 
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Fic. 5. Variation in crump frequency with time in Oniscus. The frequency remained 
relatively constant for the first 30 min, after which there was a gradual fall in the rate. 


During thecourse of a longexperiment the crumps tend to occur less frequently. 
This is shown in Fig. 5 where the crump frequency per min is plotted for 140 min. 
The frequency remained relatively constant for the first 30 min but after this there 
was a gradual decrease in frequency. 

The variation in crump frequency with time can be demonstrated by kymo- 
graph records. Fig. 6 shows a series of records of the crumps occurring in eight 
different specimens of Oniscus over the first 30 min of an experiment. The crumps 
occurred with regularity in many of the animals. At times the animals struggled, 
this being shown by the continued excursions of the lever, but this had no obvious 
acceleration or retardation of the crump frequency. 

The crump frequency varied from animal to animal. Fig. 7 shows a histogram 
of the crump frequency in 100 specimens of Oniscus kept under conditions of 


Crump frequency/min 
Fic. 7. Histograrn showing the frequency with which various crump frequencies were 
obtained in 100 specimens of Oniscus. The maximum peak had a crump frequency 
between 7 and 8 per min, though there was a fairly high series of peaks between 3 and 
10 per min. 
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constant humidity and temperature. The number of crumps that occurred for 
the first 30 min was counted. The frequency ranged from 0-25 per min. The 
maximum number of animals had a frequency of 7-8 per min but the histogram 
shows a fairly high series of peaks between 3 and 10 per min. 


Variations in the frequency of the crumps 

It has only been possible so far to vary the frequency of the crumps under 
experimental conditions in three ways. ‘These are by varying the temperature, by 
removing the eyes, and by treating the animals with strong chemical solutions; 
the latter causing the cessation of the impulses. 

(a) Temperature. Woodlice are poikilothermic animals and it was thought 
likely that the crump frequency would vary as the animal’s temperature was 


altered. 

‘The animals were pinned to the underside of a large cork, a pair of fine pin 
electrodes led through the cork and were placed in the first thoracic segment of 
the woodlouse. ‘The cork was then placed in the mouth of a wide-mouthed bottle 
which was three-quarters filled with water. A thermometer (—5 to +50°C) was 
placed through the cork so that the bulb measured the air temperature in close 
proximity to the animal. The bottle was then placed in a small bath containing 
water at a known temperature. 

In the experiment shown in Fig. 8 there were two such water baths and bottles, 
one set containing water at 18°C, the other water at 28°C. The cork containing 


Temperature 


Rate /30 sec 


Fic. 8. The effect of temperature changes on the crump frequency in Oniscus. The 
frequency increases at higher temperatures and decreases when the temperature is 
lowered. 


animal, electrodes and thermometer was placed in the mouth of the bottle con- 
taining the water at 18°C and the frequency of the crumps recorded on a 
kymograph. The cork and animals were then transferred to the 28°C bottle and 
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the frequency of crumps again recorded. It will be seen that the frequency of 
the crumps was more than doubled, rising from 3 per $ min to a rate of 9 per 
4 min. The rate fell when the animal was transferred to 18°C and rose again 
to 28°C. 

It was possible to plot a curve of the rate of the crump at different temperatures. 
In this case it was necessary to make sure that the animal had reached the required 
temperature before determining the rate, and this was done by leaving the Oniscus 


between potentials 


in sec 


interval 


Temperature, 


Fic. 9. The effect of temperature on the crump frequency in Oniscus. The animals 

were allowed to equilibrate at a given temperature and the frequency of the potentials was 

then measured. Two representative experiments are shown here. The points for each 
experiment lie on two straight lines which meet at 16°C. 


for 5 min at each temperature before taking a reading. It will be seen from Fig. 9 
that the points can be linked by two straight lines, the lines joining at 16°C. ‘The 
points from two different experiments have been plotted in this graph and it will 
be seen that they gave reasonable agreement. 

(b) Removal of the eye. Another way of affecting the frequency of the crumps 
was to remove the eyes of the animal. This caused a certain number of injury 
potentials, but in addition to these, the frequency of the crumps considerably 
increased for a few seconds and then stopped altogether (Fig. 10). 


Localization of the source of potentials 


It was possible to localize the source of the crump potentials by cutting the 
animal at various segments and seeing which part still gave the potential. ‘This 
type of experiment is only significant if one still obtains the potentials from the 
experimental part; the fact that the potential disappears may only indicate that 
the generator had been affected by the injury of the cut and not necessarily removed. 
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A series of experiments showed that the crump potentials could be obtained 
from the isolated head of the isopod. If the electrodes were placed in the isopod 
head and a cut made in front of the first thoracic segment so that the body was 
completely isolated from the head, the crump potential often continued at the 
same frequency in the isolated head. If the electrodes were placed in the body of 
the animal, the crump potential ceased when the head was isolated, but they could 
be obtained once more if the electrodes were placed on the intact head. 

The crump potentials could be recorded from the exposed surface of the 
brain im situ. Various cuts could then be made into the brain without seriously 
affecting the crump potentials. 

On the other hand, if the dorsomedial region of the protocerebrum and the 
deuterocerebrum is damaged the crump potentials cease. Work is at present in 
progress on the detailed ablation of parts of the brain. 


DISCUSSION 


The crump potentials that occur in the woodlice and other isopods are of a 
relatively large size but no bigger than some of the other potentials that occur 
in the intact animal. However, they do occur with considerable regularity, and 
the pattern is often quite distinctive enough to separate them from any other 
large potentials. ‘The regularity of their occurrence also facilitates experimental 
investigation. ‘The first problem that one has to solve is whether the crump 
potentials are due to nervous activity or to muscle activity. As shown in Fig. 1, 
muscle activity can lead to a large potential, and if a group of muscles contracted 
at regular intervals they could give rise to a series of potentials similar to those 
obtained during the crump. At present, however, we are more inclined to the view 
that the crump potential is of nervous origin. In the first place it occurs in the 
isolated head and is therefore not the result of activity of the body musculature. 
On the other hand it still could be due to the movements of the jaws and/or 
oesophagus. ‘The jaws sometimes show periodic movements but simultaneous 
observations of the jaw movements and the crump potentials indicated no relation- 
ship between the two. ‘The jaws could move when there was no crump potential 
and the potential could occur when there was no jaw movement. Careful removal 
of the jaws and jaw muscles affected the crump frequency but did not stop it 
entirely. For these reasons we do not think that the jaw musculature is responsible 
for the crump potentials. Similarly we can remove the gut and oesophagus and 
still get the crump potentials, and the potentials are not correlated with antenna 
movements. Muscle potentials can often be differentiated from nerve potentials 
by the fact that they have a longer duration; the muscle potentials lasting up to 
5 msec, whilst the nerve potentials last up to 2 msec. Analysis of one hundred 
different crumps showed that there was a wide range of duration, but the peak 
duration was just under 2 msec. It is therefore likely that the crump potential is 
of nervous origin and not due to muscle activity. 

When these crump potentials were first observed, they reminded us of the 
potentials derived from the decapod cardiac ganglion (Maynard, 1955; Bullock & 
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Terzuolo, 1957). Alexandrowicz (1952) had previously described the structure of 
the cardiac ganglion in Ligia and had shown that there were six cells that controlled 
the heart-beat. The heart-beat was disorganized when the ganglion cells were 
surgically separated (Alexandrowicz, 1931). On the other hand our experiments 
indicated that it was unlikely that the crump potentials were generated from the 
cardiac ganglion. In the first place they can be recorded from the isolated head. 
In over 300 experiments we have never recorded them from the decapitated body. 
Secondly, the cardiac ganglion potentials are usually at the same rate as the heart- 
beat. We have found no such correlation. The Oniscus heart beats at approximately 
200 beats per min, whilst the crump potential has its maximum frequency at 
25 beats per min and is normally very much slower. We have observed animals 
with a heart rate of 170 per min, but a crump frequency of only 2 per min. Thirdly, 
about 10 per cent of the animals did not, during the course of an experiment, 
demonstrate any crump potentials, yet their hearts were beating quite normally. 
For these three reasons it would appear unlikely that the crump potential is in 
effect the potential derived from the cardiac ganglion cells, though the multiple 
spikes, the slow waves and the general pattern of the two sets of potentials are 
strikingly similar. "The work of Maynard (1955) and Bullock & ‘Terzuolo (1957) 
does indicate the fact that a very complex series of potentials such as seen in the 
crump potential or the cardiac ganglion potential, can be caused by relatively few 
cells, in the case of the cardiac ganglion—only nine cells. 

The large size of the group of potentials that go to make up the crump is 
suggestive that there might be some large nerve cells in the brain but neither the 
histological examination by Walker (1935) nor our own sections have been able 
to disclose any especially large cells or axons. 

We have so far been unable to obtain the crump potentials from the isolated 
nervous system. ‘The central nervous system appears to be very sensitive to 
handling and we feel that our negative results may have been due to this sensitivity. 

There would seem to be some link between the optic ganglia and the crump 
potentials since removal of the eye speeded up the potentials. On the other hand 
we have been unable to affect the frequency of the crump potentials by illumination 
of the eyes. ‘The dark-adapted animal showed no change in the crump frequency 
following illumination. (We have one series of records in which illumination led 
to an increase in the crump frequency but were unable to repeat this result on 
other occasions.) Ruck & Jahn (1954) working on the responses of Ligia eye to 
light described the electroretinogram obtained from the head but made no mention 
of any potentials similar to the crump potentials. 

If the potentials are indeed of nervous origin it is most likely that they are due 
to the grouped firing of a series of nerve cells, the whole envelope of cells giving 
rise to the crump potential. ‘The problem still remains—what is the function of 
this potential ? It is of course possible that the function may not be a direct one, 
but for experimental purposes it is helpful to assume that it could regulate some 
rhythmic function in the animal. Several rhythmic activities have been described 
in the Isopoda. 
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Prosser (1942) in his account of the arthropod heart states that the heart in 
Asellus beats 200 times per min. We have found a similar order of beats for the 
hearts of Asellus, Oniscus and Porcellio. ‘The crump frequency in these animals 
is very much lower, the fastest crump frequency being 25 times per min. 

Ellenby (1951) gives details of the pleopod rhythm in Ligia and this has a 
frequency of 120-180 beats per min, i.e. very much higher than the crump fre- 
quency. Asellus, Ligia, Sphaeromia and Astacilla exhibit rhythmic swallowing of 
water through their anus. ‘The rate of anal peristalsis was between 20-30 times 
per min. We have observed anal peristalsis in Asellus but found no obvious 
correlation between this frequency and the crump frequency in the same 
animal. 

It is not essential that the crump frequency should be identical with that of 
the effector organ. Cases such as the flight muscles of Diptera are known where 
the frequency of the nerve action potentials is not identical with the frequency of 
the muscle contraction (Pringle, 1949; Roeder, 1951). It would, however, be pre- 
sumptive to discuss this in further detail here because the evidence at present 
does not allow us to state that the crump potentials are definitely nervous in origin 
and not due to muscle potentials. It is hoped that further investigations will 
elucidate this point. 
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A COMPARATIVE STUDY OF CRAYFISH BLOOD VOLUMES* 


J. A. RIEGEL} and R. A. PARKER 
Department of Zoology, Washington State University, Pullman, Washington 


(Received 17 February 1960) 


Abstract—(1) In specimens of two species of crayfishes, Orconectes virilis and 
Procambarus clarki an increase in body weight was correlated with a decrease in 
weight-specific blood volume measured by inulin distribution. 

(2) The percent of the body weight comprised by the blood was significantly 
larger in O. virilis than in P. clarki. 

(3) No conclusive evidence could be seen concerning the suitability of inulin distri- 
bution as a true measure of blood volume. 


INTRODUCTION 
Data from recent studies of excretion by the crayfish kidney (Riegel & Kirschner, 
1960, and unpublished results) were used in an attempt to relate weight-specific 
blood volume and body weight in the crayfishes, Orconectes virilis (Hagen) and 
Procambarus clarki (Girard). Blood volumes were determined by noting the 


dilution of quantities of inulin (labeled with C'™) injected into the experimental 
animals. (For details of methods and procedures see Riegel & Kirschner, op. cit.) 
Inulin has been used in this way to measure the blood volumes of several inverte- 
brates, notably crustaceans (Flemister, 1958) and molluscs (Potts, 1954; Martin 
et al., 1958). Its use in blood volume measurements is based on the supposition 
that it does not penetrate other spaces; however, recent evidence (Martin et al., 
1958) indicates that this supposition may not be correct. 


RESULTS 

Fig. 1 shows the blood volumes in relation to body weight of specimens of 
Procambarus clarki and Orconectes virilis. All blood volumes were calculated after 
correcting for the amount of inulin excreted in the urine during the period between 
injection and the peak in the blood inulin level. Linear regression equations for the 
solid lines which are shown in this figure were calculated by the method of least 
squares. Statistical treatment of the data showed that the negative slopes of both 
lines are significantly different from zero. Further, the two equations are signifi- 
cantly different from each other; that is, a common equation will not fit all of the 
data as well. This difference cannot be attributed primarily to the slopes, although 

* Supported by funds provided for medical and biological research by the State of Washington 
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the computed F value of 4-23 is very close to the tabular one of 4:30 at the 5 per 
cent level. On the other hand, the difference between the blood volumes (adjusted 
for body weight) of the two species is significant at the 1 per cent level. 


QO. virilis 


BV= 44.8 - 0.35 BW 


(%) 


2 


Blood Volume 


BV = 40.8 -0.81 RW 
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Fic. 1. Blood volume as a percentage of body weight in sixteen specimens of Procambarus 
clarki and ten specimens of Orconectes virilis. 


DISCUSSION 


It is apparent from the present results that in specimens of the two crayfish 
species studied the blood volume makes up a decreasing part of the body weight as 
the crayfish grows larger. A possible explanation for this is the allometric growth 
which is characteristic of many crustaceans. It is probable that these results can 
be applied to other Crustacea. With the use of such a projection, an “‘average 
blood volume” would be a meaningless term, unless all the animals used were very 
near the same weight. 

Flemister (1958) found that inulin occupied only about two-thirds of the 
distribution space of NaSCN in three species of crabs, even after taking into 
consideration the possibility that NaSCN may be able to penetrate cells. He 
suggested that this difference in distribution may be due to a functionally closed 
circulation of inulin within a larger extra-cellular compartment. 
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Prosser & Weinstein (1950) made measurements of the blood volume of 
Orconectes virilis using NaSCN and Evans Blue dye (‘T-1824). Evans Blue dye is 
a substance that becomes bound to protein in the blood, and it is used to measure 
the circulating blood volume of animals. Prosser & Weinstein’s results were 
variable, especially those data derived from blood volume measurements with 
Evans Blue dye. Submission of these data to the same statistical treatment used 
on the data obtained in the present study resulted in no significant correlation 
between blood volume and body weight. 

Martin et al. (1958) and Potts (1954) have indicated that inulin probably is not 
a true measure of the circulating blood volume of certain molluscs, since it is found 
in the renal and pericardial coelomic spaces. However, the peculiar arrangement 
of the filtration mechanism (from heart to pericardium) in these molluscs is not 
found in the crayfish where, as far as is known, the only space accessible to inulin, 
not part of the circulating blood volume, is that of the lumen and bladder of the 
kidney. Just what compartment is being measured by the inulin distribution 1s 
not certain, since the distribution of NaSCN has been shown to be larger than the 
distribution of inulin in some crustaceans (Flemister, 1958). However, of the 
three methods discussed (inulin, NaSCN, Evans Blue dye), inulin distribution 
probably comes closest to measuring the extracellular space, since it does not 
enter cells (so far as is known) and does not become bound to protein. Whether 
“extracellular space’ is the same as “blood volume”’ in animals with open 
circulatory systems remains to be demonstrated. 
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STABILITY OF AMPHIBIAN MONOAMINE OXIDASE AND 
THE INHIBITORY ACTION OF SEMICARBAZIDE 


C. L. SMITH 
Department of Zoology, University of Liverpool 


(Received 26 May 1960) 


Abstract—(1) Amphibian monoamine oxidase differs markedly from the corres- 
ponding enzyme in mammalian tissue suspensions in at least two respects. In the 
first place it is progressively inactivated when shaken in oxygen at 37°C without added 
substrate, though its stability is greatly increased by reducing the incubation tempera- 
ture to 25°C. Secondly, monoamine oxidase activity of suspensions of amphibian liver 
is noncompetitively inhibited by semicarbazide; the degree of inhibition varying 
with the time the enzyme preparation is shaken in oxygen at 37°C prior to addition of 
substrate and inhibitor. 

(2) Addition of cyanide, glutathione or ethylenediaminetetracetic acid to the 
reaction mixture leads to partial or complete stabilization of the enzyme over incuba- 
tion periods of about 30 min, with a corresponding reduction in inhibition by 
semicarbazide. 

(3) It is suggested that essential sulphydryl groups in the amphibian monoamine 
oxidase molecule are sufficiently reactive to oxidize spontaneously in an atmosphere 
of oxygen in the presence of catalytic traces of heavy metal. 

(4) Oxidation of —SH groups apparently increases the affinity of the enzyme 
for semicarbazide. 


INTRODUCTION 


‘THE monoamine oxidase (MAO) present in various mammalian tissue homogenates 
is characteristically a stable enzyme. For instance, there is no loss of activity when 
such tissues are stored at —10°C for several weeks, nor when tissue suspensions 
are shaken in oxygen at 37°C without added substrate for at least an hour. In an 
earlier paper (Smith, 1960) it was pointed out that suspensions of liver from the 
frog (Rana temporaria) contain a MAO which is not only very much more thermo- 
labile, but which also shows an unexpectedly large fall in activity in the presence of 
semicarbazide. Previous workers using MAO from a variety of mammalian sources 
have shown that semicarbazide effectively checks the further oxidation of the 
products of the deamination reaction without interfering with enzyme activity 
(Blaschko et al., 1937; Creasey, 1956). Despite the fact that the frog enzyme had 
the same properties as mammalian MAO in that it was not cyanide-sensitive and 
was almost completely inhibited by iproniazid im vivo (Smith, 1960) the preliminary 
results strongly suggested that it was subject to inhibition by semicarbazide. ‘This 
work has now been extended and further information collected on the stability of 
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amphibian MAO and on the mechanism and kinetics of the semicarbazide 
inhibition. 

‘Toads (Bufo bufo) were used as a source of MAO on a few occasions, but as the 
bulk of the work was done on suspensions of frog liver all the experimental data 
presented in this paper relate to the latter animal. However, the limited data 
obtained suggest that the frog and toad monoamine oxidases have essentially the 
same properties. 
MATERIAL AND METHODS 
‘The majority of the animals used in this work were supplied by a dealer, 
though a few samples were collected locally. Livers have been used from frogs 
which had been in captivity for periods ranging from 1 to 14 days without food 
with no apparent alteration in the properties of the monoamine oxidase. On a few 
occasions when frogs were kept for longer periods mealworms or maggots were put 
in their tank twice weekly but only a few of the animals were seen to take the food. 
MAO in livers from these animals seemed to be appreciably less stable when 
incubated at 37°C than that from frogs in better nutritive condition (‘Tables 
3 and 4). 


Monoamine oxidase (MAO) estimations 

Livers were removed from freshly killed frogs, weighed and suspended in 
0-067 M Sorensen’s phosphate buffer at pH 7-4 (5 ml per g of tissue) by means of 
an all-glass homogenizer. ‘This suspension was then dialysed against distilled 
water for 1-1} hr before being finally made up to 7-5 or 10 per cent (wt/vol) with 
phosphate buffer. A few observations using dialysed and undialysed suspensions 
showed that there was no detectable loss of enzyme activity owing to the extra 
time at room temperature during dialysis. In the majority of experiments 2-0 ml 
of liver suspension were placed in the main compartment of single- or double-armed 
Warburg flasks. ‘Tyramine hydrochloride was used as the substrate for deamination 
and was carried in one of the side-arms while the flasks were flushed with oxygen 
(5 min) and equilibrated and incubated in the water bath at 37 or 25°C. The 
final volume of the mixture in the main compartment was always made up to 3-0 ml 
by addition of 0-067 M phosphate buffer (pH 7-4). Oxygen uptake was recorded at 
5 min intervals over the first 20-40 min after adding the substrate and the mean 
rate calculated by the method of least squares. When the total uptake of oxygen 
during the deamination of tyramine was being determined readings were taken 
every 15 min until oxygen absorption ceased. In experiments not involving the 
use of cyanide the centre well of the flasks was usually empty, though in a few cases 
0-2 ml N KOH was present. In those experiments where cyanide was added to the 
main compartment (0-15 ml M/50 KCN adjusted to pH 7-4) the centre well always 
contained 0-2 ml 2M KCN on filter paper (Creasey, 1956; Umbreit et al., 1957). 
When the action of semicarbazide, thiol compounds, or chelating agents was being 
investigated a stock solution was made up in phosphate buffer and adjusted to 
pH 7-4. An appropriate volume of this solution was either added to the main 
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compartment with the liver suspension or carried in the second side-arm until 
tipped at the desired time after transferring the flasks to the constant temperature 
bath. In all experiments correction was made for the oxygen uptake of an identical 
reaction mixture to which no substrate had been added. 


Estimation of ammonia production 


When ammonia production as well as oxygen uptake was being measured the 
reaction was stopped immediately following the final reading of the manometer 
by adding 0-33 ml of trichloroacetic acid (saturated) and mixing thoroughly. 
Whenever possible the acid was carried in the second side-arm, but when this was 
already in use it was added after rapidly removing the flasks from the manometer. 
In the latter case correction was made for the short delay between reading the 
manometer and cessation of the reaction. The flask contents were centrifuged and 
the ammonia content of 1-0 or 2-0 ml of the clear supernatant was estimated by 
titration of boric acid after distillation in a Markham apparatus or by microdiffusion 
analysis using standard Conway units (Conway, 1957). Correction was made for the 
blank titration given by an exactly similar flask which had been incubated for the 
same time without added substrate. Quantitative recoveries of standard ammonium 
chloride added to liver suspensions were obtained by both methods, but the 
microdiffusion technique had the advantage that it could be used with reaction 
mixtures containing semicarbazide or cyanide. Both these substances broke 
down during steam distillation giving large and variable blank values. However, 
the more rapid distillation method was quite satisfactory with incubates of liver 


suspension with tyramine and was used consistently in the earlier part of the work. 
In the later part, when the action of thiol compounds and other substances was 
under investigation all ammonia estimations were made by microdiffusion analysis. 


Chemicals 

British Drug Houses laboratory grade chemicals were used with the exception 
of semicarbazide which was Analar grade. Glass distilled water was used for 
making up all buffers and solutions. 

RESULTS 

Ammonia production and observed oxygen uptake. Unless special precautions are taken 
the aldehyde produced on deamination of tyramine by MAO undergoes further oxidation 
which leads to the total oxygen uptake being approximately twice that theoretically required 
on a basis of one atom of oxygen per molecule of substrate (see Creasey, 1956, for a full 
discussion). Observations by Kohn (1937) and Spinks & Burn (1952) on mammalian 
preparations suggested that oxygen uptake due to secondary oxidation was negligible 
during the initial stages of deamination, though it continued at a slower rate for a long 
time after the primary reaction was complete. Sourkes et al. (1955) using various mammalian 
liver suspensions compared the rate of tryptamine disappearance with oxygen uptake over 
a 30 min incubation period. Their mean data showed that only 68 per cent of the oxygen 
absorption was attributable to the primary reaction if one assumes that catalase was breaking 
down peroxide immediately (Creasey, 1956). Further oxidation also seems to occur rapidly, 
when using frog liver suspensions (10% wt/vol) at 37°C in oxygen for, although oxygen 
uptake and ammonia production were both virtually linear over the first 30 min, the latter, 
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when calculated in terms of the oxygen equivalent from the equation R.CH,.NH, +O— 
R.CHO+NHsg, only corresponded to 66:1 +1-5 per cent of the total oxygen uptake. The 
reactions involved in the further oxidation processes appear to have a high overall 
temperature coefficient, for with similar liver suspensions at 25°C ammonia production was 
very nearly equivalent to the observed oxygen uptake (95-5 + 1-8). I have also made a few 
estimations of ammonia production by suspensions of rat liver (5% wt/vol) at 37°C in oxygen 
and found that it was equivalent to 80 per cent of the observed oxygen uptake over the 
first 30 min after adding the substrate. 

This enhanced oxygen uptake due to secondary oxidation complicates the investigation 
of a possible inhibitory action of semicarbazide, since the observed uptake will be reduced 
owing to combination of the aldehyde with semicarbazide apart from any direct inhibition 
of the enzyme itself. As cyanide also suppresses the secondary reactions without affecting 
MAO activity it seemed feasible to take the rate of oxygen uptake in a system containing 
cyanide as the basis of measurement of the true inhibition by semicarbazide. Preliminary 
trials, however, showed that cyanide not only prevented the inhibition by semicarbazide 
developing but it also materially affected the stability of the enzyme (see below). In view 
of this it was decided that a good index of the activity of uninhibited enzyme preparations 
would be provided by data for ammonia production expressed in terms of the oxygen 
equivalent on the basis of one atom of oxygen being required for the deamination of one 
molecule of tyramine. When computing the data shown in Figs. 1 and 4, and Table 2, the 
basic MAO activity of the liver suspensions has been determined in this way. When 
ammonia production was estimated for all the reaction mixtures used in an experiment the 
activity has been expressed directly as ammonia produced (yg) per 30 min (Tables 3 and 4). 


Nature of the inhibition by semicarbazide 
Oxygen uptake by frog liver suspensions which had been incubated at 37°C in 
oxygen for 30 min with different concentrations of semicarbazide was determined 


\/|S| 
Fic. 1. Non-competitive inhibition of amphibian MAO by semicarbazide. A dialysed 
suspension of frog’s liver (7:5° wt/vol) was incubated for 30 min at 37°C in oxygen 
with semicarbazide (M/300 or M/100) before tipping tyramine from the side-arm (final 
concentration M/45, M/180 or M/450). Oxygen uptake was calculated by the method 
of least squares from observations at 5 min intervals over the first 20 min after adding 
substrate. The rate of the reaction in the absence of semicarbazide was determined by 
estimation of the ammonia production over the same period (see text). 
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at various substrate concentrations and the data treated by the method of Line- 
weaver & Burk (1934). Fig. 1 shows that under these conditions the inhibition was 
non-competitive. ‘The value of the dissociation constant of the enzyme-substrate 
complex (K,,) was 2x 10-3M, showing good agreement with that obtained by 
Blaschko et al. (1937) for MAO in suspensions of guinea-pig liver (1-8 x 10-*) and 
by Davison (1958) for rat liver mitochondria (3 x 10-%). The apparent value of the 
dissociation constant of the inhibitor-enzyme complex (K,) was 1-6 x 10-? M. This 
figure may be somewhat higher than the true value as it is based on the assumption 
that semicarbazide completely prevents further oxidation. Creasey (1956), however, 
found that the actual oxygen uptake when using semicarbazide (1-1 atoms of 
oxygen/molecule of tyramine) was slightly higher than that required on theoretical 
grounds. If the oxygen uptake by the semicarbazide reaction mixture in the present 
experiments was not entirely due to the primary reaction then the actual inhibition 
of MAO would be slightly greater than that observed. 


Total oxygen uptake 


Table 1 shows the results of a series of determinations of the total oxygen 
uptake during the deamination of tyramine by frog MAO in various reaction 


TABLE 1—TOTAL OXYGEN UPTAKE DURING DEAMINATION OF TYRAMINE BY AMPHIBIAN MAO 


Combination Atoms of O,/molecule substrate 
1. Liver only 1-8-2:°5 (4) 
2. Liver and cyanide 1-02-1-09 (8) 
3. Liver and semicarbazide 0:25-0:92 (13) 
4. Liver, semicarbazide and cyanide 1:02-1:14 (12) 


Suspensions of frog liver (7-5°4 wt/vol) in phosphate buffer were incubated with various 
combinations of cyanide (M/1000) and semicarbazide (M/100 or M/150) for 20 min at 37°C 
in oxygen before adding tyramine (final concentration M/600) from the side-arm. The 
centre well contained 0-2 ml KCN with combinations 2 and 4. Oxygen uptake was followed 
for 4hr in experiments with liver only. The figures in brackets show the number of 
experiments made with each combination. 


mixtures. With liver suspension alone, and with added cyanide or cyanide and 
semicarbazide the ratios observed are essentially the same as for mammalian 
preparations (Creasey, 1956). When the liver suspensions were incubated with 
semicarbazide only (20 min) before adding substrate the total oxygen uptake was 
very variable and usually much lower than that required for complete oxidation of 
the substrate. The progress of an actual experiment is shown in Fig. 2 where 
oxygen uptake had virtually ceased in manometers A (M/1000 cyanide) and B 
(M/150 semicarbazide) after 2 hr. In manometers C (M/1000 cyanide) and D 
(M/150 semicarbazide) substrate was added after the reaction mixtures had been 
incubated for 2} hr at 37°C in oxygen. It is clear that the cyanide-containing 
system still showed MAO activity but the flask containing semicarbazide showed 


20* 


ae 
: 
: 
60 
> 
= 
met! 
|_| 
‘ 


C. L. SMITH 


310 


no extra oxygen uptake when tyramine was added. This complete inhibition or 
destruction of the enzyme in the presence of semicarbazide was confirmed by the 
addition of extra substrate to flasks A and B (Fig. 2) after 2} hr total incubation 


Time, hr 


Fic. 2. The effect of cyanide and semicarbazide on the total uptake of oxygen during 
deamination of tyramine by amphibian MAO at 37°C in oxygen. 2-0 ml of frog liver 
suspension (7°5 wt/vol) were incubated with cyanide (M/1000) in manometers 
A and C or semicarbazide (M/150) in B and D for 20 min (A and B) or 2 hr 20 min (C and 
D) before tipping tyramine (0-1 ml M/20) from the side-arm. At the point indicated by 
arrows a further 0-1 ml of tyramine, which had been introduced by opening the side-arms 
and re-equilibrating, was tipped into the main compartments of flasks A and B. Calculated 
oxygen uptake on a basis of 1 atom of O,/molecule of tyramine = 56 yl. 


time. Again there was an immediate increase in oxygen uptake in the presence of 
cyanide but no response in the semicarbazide reaction mixture. In other experi- 
ments it was also found that a reaction mixture containing semicarbazide (M/100 
or M/150) and cyanide (M/1000) behaved exactly like a mixture containing 
cyanide alone. It was further noted that the amount of oxygen absorption in 
semicarbazide systems was correlated with the basic activity of the enzyme pre- 
paration, that is, if the latter was high the oxygen uptake more nearly approached 
the required value for full substrate oxidation. ‘These results strongly suggest 
that not only is amphibian MAO inhibited by semicarbazide but also that the 
inhibition is progressive and markedly dependent on the incubation period before 
substrate is added. 


Effect of varying the incubation period 


The stability of MAO in suspensions of frog liver was investigated by 
incubation for varying periods before adding a high concentration of tyramine 
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(M/45). Fig. 3 shows that the percentage activity of the preparation declines 
steadily with increasing time at 37°C in an atmosphere of oxygen, and after 1 hr 
the activity is approximately 50 per cent of that found after only 10 min incubation. 


log( percentage activity) 


30 45 
Incubation time, min 
Fic. 3. Inactivation of amphibian MAO by shaking in oxygen in the absence of added 
substrate. 2-0 ml of frog liver suspension (10% wt/vol) were incubated for various 
times at 37°C or 25°C before adding tyramine (0-4 ml M/6) from the side-arm. Final 
flask volume 3-0 ml. Rate of oxygen uptake calculated from observations at 5 min intervals 
over the first 30 min after substrate addition and expressed as a percentage of the rate 
observed after 10 min incubation. The values plotted for 25°C are the means of three, and 
for 37°C of five, separate experiments. 


After substrate had been added oxygen uptake was linear over a period of at least 
40 min showing that the enzyme is protected from inactivation when saturated with 
substrate. Similar observations have been made at 25°C, when, although there 
was some decrease in activity on prolonged incubation, it was very much less than 
at 37°C. Thus after 1 hr the percentage activity was still about 85 per cent of 
that found after 10 min incubation (Fig. 3). When 5 per cent (wt/vol) suspensions 
of rat liver were subjected to the same experimental conditions at 37°C there was 
no detectable loss in activity after incubating for periods up to 1 hr. 

The progressive development of inhibition of the enzyme by semicarbazide 
during preliminary incubation at 37°C in oxygen was demonstrated in a similar 
way. Preliminary trials showed clearly that the degree of inhibition attained was 
the same whether the liver suspension was incubated in contact with semicarbazide 
or if the latter was retained in a separate side-arm and tipped simultaneously with 
the substrate. Again, on adding a high concentration of tyramine oxygen uptake 
was practically linear for at least 40 min showing that the enzyme is not susceptible 
to further inhibition when saturated with substrate. Fig. 4 shows the results 
obtained for three concentrations of semicarbazide which were added with the 
substrate after varying periods of preliminary incubation. ‘The activity of the 
preparation, expressed as a percentage of the oxygen equivalent of the ammonia 
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produced in similar flasks which contained no inhibitor, fell progressively with the 
time of incubation and semi-logarithmic plotting shows a linear relationship 


percentage activity) 


g 


Incubation time, 


Fic. 4. Inhibition of amphibian MAO by semicarbazide. ©, semicarbazide 3-3 x 10-* M; 

10-3 M; 1x 10-* M. The data for each concentration are based on the mean 
results from two experiments with different liver suspensions. 2-0 ml of frog liver suspen- 
sion (10 wt/vol) were incubated for various times in double-armed flasks at 37°C 
in oxygen before tyramine (0-4 ml M/6) and appropriate amounts of semicarbazide were 
tipped simultaneously from separate side-arms. Final flask volume was 3-0 ml. Oxygen 
uptake was recorded for 40 min after adding substrate and inhibitor and the percentage 
activity calculated with reference to the oxygen equivalent of the ammonia produced 
during the same period by liver suspensions which were incubated for the same time before 
adding substrate only (see text). 


between these two parameters. The apparent value of the dissociation constant 
of the enzyme-inhibitor complex (K,) can be calculated for a non-competitive 
inhibitor from the relation 


(Neilands & Stumpf, 1955). Substituting the values v,/v at each inhibitor concen- 
tration from Fig. 4 gives a mean value for K; of 1-8 x 10-? M after 30 min incubation 
which agrees with the figure obtained by the method of Lineweaver & Burk (Fig. 1) 
after incubating the liver suspension with semicarbazide for the same time. After 
60 min incubation the mean value of K; is 0-6 x 10-?M, that is, the enzyme inhibitor 
affinity has increased threefold. 

The above results could be explained if incubation of semicarbazide at 37°C 
in oxygen led to the formation of a product which inhibited MAO. This possibility 
was subjected to extensive experimental tests with completely negative results. 
For example, a semicarbazide solution was shaken at 37°C in oxygen for up to 4 hr 
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without any increase in inhibition compared with a freshly prepared solution. 
Similarly introduction of the semicarbazide into the second side-arm toward the 
end of the incubation period gave the same effect as having it present during the 
whole period. Additionally two possible breakdown products of semicarbazide, 
hydrazine and biurea (NH,.CO.NH.NH.CO.NH,) have been tested on frog 
liver suspensions but neither showed any inhibitory action on MAO. One can 
only conclude therefore that incubation of a frog liver suspension at 37°C in 
oxygen not only leads to progressive inactivation of MAO but also increases the 
inhibitory action of semicarbazide. 

When frog liver suspensions were incubated at 25°C in oxygen it was found 
that the increase in inhibition by semicarbazide with time was very slight, for 
example, in one series the activity only declined by 3 per cent over 50 min. Thus 
not only is the enzyme itself very much more stable at the lower temperature (Fig. 
3) but this stability is accompanied by a much slower development of susceptibility 
to semicarbazide. 


The action of cyanide, thiol compounds and metal chelating agents 


Total oxygen uptake determinations (‘Table 1 and Fig. 2) showed that the 
theoretical oxygen uptake was attained with cyanide (M/1000) in the reaction 
mixture and that MAO activity persisted over quite long incubation periods. This 
effect was further investigated by comparing the rates of oxygen uptake or ammonia 


TABLE 2—THE EFFECT OF CYANIDE ON THE STABILITY AND SEMICARBAZIDE INHIBITION OF 
AMPHIBIAN MAO 


Rate of oxygen uptake (1/15 min) 
Reaction mixture after preshaking in oxygen for (min) 


. Tyramine only* 35°2 17-4 
(23-3) (11-5) 

2. Tyramine and cyanide 23-6 24-2 
3. Tyramine, cyanide and semicarbazide 22°5 
4. Tyramine and semicarbazide 18-8 4-9 


* Values in brackets show rates of uptake after correcting the observed figures for secondary 
oxidation by applying the factor 0-661 (see text). 


1-0 ml of a frog liver suspension (10°% wt/vol) were incubated at 37°C in oxygen in the 
main compartment of double-armed flasks. One side-arm contained 0-4 ml M/6 tryamine 
and in flasks 3 and 4 the other contained 0:3 ml M/10 semicarbazide. The final flask 
volume was 3:0 ml. With reaction mixtures 2 and 3 the centre well contained 0-2 ml 2 M 
KCN. The flasks were gassed with oxygen outside the bath and the contents of the side-arms 
were tipped simultaneously into the main compartment either when the flasks were placed 
in the bath or after they had been shaking for 30 min. 10 min were allowed for 
equilibration when the substrate was tipped at zero time. 


production by frog liver suspensions with various combinations of cyanide, 
glutathione (GSH), ethylenediaminetetracetic acid (EDTA) and semicarbazide. 
Table 2 shows the results of an experiment with cyanide and semicarbazide. It is 


5 
: 
Z 
ol. 1 
: 
ie 


314 C. L. SMITH 


clear that cyanide has prevented inactivation of MAO during the 30 min that the 
suspension was kept at 37°C in oxygen before substrate was added. Also addition 
of cyanide has suppressed the inhibition by semicarbazide which was very marked 
(57 per cent) after incubating for the same time without cyanide. 

‘Table 3 is a summary of a typical experiment where ED'TA or GSH was added 
to the frog liver suspension before incubating at 37°C in oxygen. ED'TA (M/1000) 
prevented inactivation of MAO during the 35 min incubation period, but GSH 


TaBLE 3—THE EFFECT OF GSH anp EDTA ON THE STABILITY OF AMPHIBIAN MAO 


Incubation Ammonia 


Combination time | produced 
| (min) (ug/30 min) 
1. Liver only 5 130 
2. Liver only 3 53 
3. Liver+EDTA | 35 135 
4. Liver+ GSH 35 83 


2:0 ml of a suspension of frog liver (10°, wt/vol) were incubated for various times in 
oxygen at 37 C in the main compartment of double-armed flasks with or without added 
EDTA (final conc. M/1000) or GSH (final conc. M/100). At the end of the incubation 
period tyramine (final conc. M/45) was added from one side-arm and 30 min later 
trichloroacetic acid (final conc. 10 per cent) was tipped from the other side-arm. Ammonia 
produced estimated by micro-diffusion analysis (Conway, 1957). 


(\1/100) was not as effective, for enzyme activity was considerably reduced after 
incubation though still appreciably higher than that of the liver suspension alone. 
This type of observation has been repeated several times and ED'TA always 
induced almost complete stability of the enzyme over incubation periods of about 
30 min. With added GSH, however, the results were more variable for in some 
cases \LAO activity was as high as that found with ED'TA or cyanide, while in 
others there was only partial protection of the enzyme as in Table 3. Control 
flasks showed that the added GSH was being oxidized at a very variable rate by 
different liver suspensions during the preliminary incubation period, the extra 
oxygen uptake ranging from 30 to 180 1./30 min. When substitution of cysteine 
as a source of thiol groups was tried the cessation of increased oxygen uptake by the 
control flask showed that oxidation to cystine was virtually complete in the very 
early stages of incubation. Under these conditions addition of cysteine (15 mg per 
flask) at the start of a 30 min incubation period led to a marked increase in the rate 
of inactivation of MAO, the activity being only 42 per cent of that shown by the 
liver suspension alone under the same circumstances. 

‘Table 4 shows that the presence of GSH (M/100) in the reaction mixture 
markedly decreased the inhibitory action of semicarbazide, but here again the 
effectiveness of GSH varied considerably with different liver suspensions. Another 
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series of experiments showed that addition of ED'TA (M/1000) to the liver suspen- 
sion at the beginning of the incubation period virtually completely suppressed any 
inhibitory action of semicarbazide. It is, therefore, quite clear that both inactivation 


TABLE 4—THE EFFECT OF GSH ON INHIBITION OF FROG LIVER MAO By SEMICARBAZIDE 


Combination Ammonia produced 
(g/30 min) 


1. Liver only 31 
2. Liver + semicarbazide 12 
3. Liver+ GSH 63 
4. Liver + GSH + semicarbazide 53 
5. Liver+EDTA 108 


2:0 ml of a suspension of frog liver (10% wt/vol) with or without added GSH (final 
conc. M/100) or EDTA (final conc. M/1000) were incubated for 30 min in oxygen at 
37 -C before tyramine (final conc. M/45) was added from a side-arm. In combinations 2 
and 4 semicarbazide (final conc. M/100) was added from a second side-arm simultaneously 
with the substrate. 30 min after substrate addition the flasks were removed and trichloro- 
acetic acid (final conc. 10 per cent) added. Ammonia produced estimated by microdiffusion 
analysis (Conway, 1957). 


of frog liver MAO and inhibition by semicarbazide can be prevented by adding 
ED'TA or cyanide to the incubation mixture, while these same ends are partiaily 
achieved by the use of GSH. 


DISCUSSION 

‘There is considerable evidence that monoamine oxidase (MAO) activity is 
dependent on the presence of a sulphydryl group (Davison, 1958; Manukhin, 
1958; Singer & Barron, 1945; Friedenwald & Herrmann, 1942; Lagnado & Sourkes, 
1956). If this group in the enzyme protein molecule of amphibian MAO is consider- 
ably more reactive than that of the mammalian enzyme then it might be expected 
that oxidation would take place in an atmosphere of oxygen at a fairly high tempera- 
ture. Whether such enhanced reactivity is to be regarded as a consequence of the 
isolation procedure or as a property of the native protein is not clear, though the 
occurrence of a marked decrease in MAO activity when frog liver is stored at 
—10°C overnight (Smith, 1960) suggests that the enzyme protein is readily de- 
natured. Denaturation may be expected to be accompanied by increased reactivity 
of the —SH groups and greater susceptibility to oxidation (Barron & Singer, 1945; 
Benesch et al., 1954). The partial protection from inactivation which was found on 
adding glutathione (GSH) provides strong support for the view that oxidation of 
—SH groups is the primary cause of loss of activity. Further confirmation is 
provided by the increased rate of inactivation when cystine was present in the 
incubation mixture. Since both ED'TA and cyanide effectively check loss of activity 
when incubated with the liver suspension it is reasonable to conclude that they 
both act by removing catalytic traces of heavy metals, though cyanide might have 
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an additional reducing action. It is well known that autoxidation of —SH groups in 
thiol compounds is enormously increased by traces of iron or copper (see Barron, 
1951, for general discussion). 

It is clear that the only essential requirement for the inhibition of amphibian 
MAO by semicarbazide is the prior incubation of the enzyme preparation in oxygen 
at a fairly high temperature. ‘Therefore the mechanism of such inhibition must be 
sought in possible changes in the enzyme system itself or perhaps in the mitochon- 
dria which contain this system. ‘The fact that progressive inactivation and 
increasing susceptibility to inhibition are both halted when a high concentration 
of substrate is added argues against changes in the mitochondria being the primary 
cause and this aspect will not be further considered. All the experimental work is 
consistent with the view that semicarbazide inhibition is dependent on prior oxida- 
tion of some of the sulphydryl groups of the enzyme, and moreover the degree of 
inhibition increases with the extent of this oxidation (Figs. 3 and 4). This situation 
and also the non-competitive nature of the inhibition are explicable if oxidation of 
—SH groups increases the affinity of the enzyme for semicarbazide and while the 
latter is attached activation of the substrate is hindered. ‘The protection of —SH 
groups from oxidation which was found when the enzyme was saturated with 
substrate suggests that this group may be an essential link in the transfer of 
electrons from the substrate to the prosthetic group (Barron, 1951). 

The present work is of some practical significance in view of the common 
practice of adding semicarbazide to the reaction mixture to prevent further 
oxidation when estimating MAO activity manometrically. If there is any reason to 
suspect the stability of the enzyme then semicarbazide, if used at all, should be 
combined with cyanide (Creasey, 1956) or ED'TA. In view of the greater ease of 
manipulation in manometer flasks ED'TA may be preferred to cyanide and in 
combination with semicarbazide it effectively prevents further oxidation. For 
three experiments where this combination was used the mean ratio of observed 
oxygen uptake to the oxygen equivalent of the ammonia produced was 1-04. 
Davison (1958) stressed the need for caution in the use of both cyanide and semi- 
carbazide when studying the action of inhibitors on MAO; a stricture which would 
be equally applicable to EDTA. If the higher rate of activity at 37°C is not 
considered necessary then in the specific case of amphibian MAO it would be 
better to carry out activity estimations at 25°C for, not only is the enzyme more 
stable, but secondary oxidations are largely suppressed during the initial stages of 
the reaction. Even here though it would be safer to add one or more of the above 
reagents to the reaction mixture. 

In an earlier paper (Smith, 1960) data on seasonal changes in MAO activity of 
frog liver were presented. In these estimations no steps were taken to prevent 
secondary oxidation and the liver suspension was incubated at 37°C in oxygen for 
20 min before the substrate was added. It was pointed out that the levels of activity, 
though comparable inter se, would be lower than those in the fresh tissue because 
of inactivation during the incubation period. It is now apparent, however, that 
decreased oxygen uptake due to inactivation of the enzyme would be approximately 
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counterbalanced by the extra uptake due to secondary oxidation. For this reason 
the earlier values show good agreement with activity determinations based on 
ammonia production in reaction mixtures containing EDTA or cyanide where 
inactivation is suppressed and secondary oxidation is not measured. For example, 
the mean MAO activity for five observations made in April 1960 using EDTA 
was 19-1+1-27 ul, compared with the previous April value of 18-4+ 1-69 ul 
O,/15 min/100 mg liver. 

The difference in stability of monoamine oxidases from amphibian and 
mammalian sources might at first glance be attributed to the difference in body 
temperature of these animal classes. This, however, is not borne out by the work 
of Blaschko & Hawkins (1952) on cephalopods where it was found that MAO was 
stable over long periods at — 10°C and activity determinations made at 25°C and 
37°C showed no deleterious effects at the higher temperature. I have also made 
some preliminary observations on MAO activity of suspensions of trout liver 
(Salmo trutta) and found a high degree of stability and absence of inhibition by 
semicarbazide after incubation periods of up to an hour at 37°C in oxygen. Blaschko 
& Himms (1955) showed that there were marked species differences in the inhibitor 
specificity of amidines for MAO preparations from a variety of vertebrate and 
invertebrate animals. This is a further indication that the enzyme changes its 
properties over its phyletic distribution, and even to some extent within the limits of 
a single class such as the Mammalia. 
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BOOK REVIEWS 


Proceedings of the Fourth International Congress of Biochemistry. Vol. 12. Biochemistry 
of Insects. Edited by L. LrevENBook. Pergamon Press, London 1959. 252 pp. 


INsEcT biochemistry became the topic for a Symposium at an International Congress of 
Biochemistry for the first time in 1958, reflecting both the increasing interest which bio- 
chemists are taking in insects and the extension of the work of entomologists to biochemistry. 

One of the most interesting fields of insect biochemistry today, that of carbohydrate 
metabolism, was independently reviewed by W. Chefurka, B. Sacktor and F. P. W. Winter- 
ingham. The role of x«-glycerophosphate in flight metabolism was discussed in detail 
and Sacktor, in particular, advocated the mechanism, originally proposed by Zebe, Delbruck 
and Bucher, involving the cycling of «-glycerophosphate and dihydroxyacetone phosphate 
whereby DPNH originating in the soluble portion of the cell is made available to the 
respiratory chain in the mitochondria. Sacktor also suggested a mechanism of respiratory 
control dependent on the inhibition of «-glycerophosphate oxidase by an endogenous 
chelator. In discussion, T. Bucher, M. Klingenberg and E. Zebe suggested that the 
a-glycerophosphate cycle was not the only means of extramitochondrial hydrogen transfer 
to the respiratory chain and gave evidence for control of respiration by oxidative 
phosphorylation. 

R. H. Hackman reviewed the chemical structure of insect cuticle and the nature of 
tanning reactions and stressed that the histochemical techniques used in the past were not 
specific enough to give accurate results. His critical discussion of tanning mechanisms 
should encourage the use of more refined techniques but the danger is apparent that 
biochemists may forget the diversity of chemical processes likely to be found in arthropods. 
H. S. Mason gave a brief report on recent work on the interaction of enzyme-generated 
quinones with proteins and P. Karlson described his attempts to elucidate the chemical 
structure of ecdysone and presented evidence for its importance in tanning reactions. 

K. Yamafuji described the induction of viral polyhedrosis in the silkworm by injection 
of hydroxylamine, hydrogen peroxide and a number of other compounds. These substances 
were thought to attack nucleoproteins, changing their structure and leading to formation 
of the virus nucleoprotein. 

M. Pavan surveyed the chemical structure of the toxins secreted by insects and discussed 
the possible application of certain of them as bactericides, insecticides and herbicides. 
Other contributions included a survey by G. Fraenkel of the “‘secondary plant substances”’, 
saponins, alkaloids, essential oils, etc., which repel and attract different phytophagous insects, 
controlling their feeding habits; also a review of the free amino acids of insect haemolymph 
by M. Florkin; a review of amino-acid metabolism in insects by B. Bheemswar; an account 
of work on phosphorus compounds in insect development by G. R. Wyatt; a review of 
various aspects of lipid metabolism in insects by W. Niemierko; an account of certain 
experiments on silk synthesis by T. Fukuda and a review of the metabolism of insecticides 
by J. E. Casida. 

The volume has been well edited and the discussion which has been included is never 
irrelevant. In the absence of a textbook of insect biochemistry this volume provides a 
very useful survey of the field. 

A. N. CLEMENTS 
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Actualités Neurophysiologiques. Published under the direction of A. M. MONNIER. 
Premiére Série. Masson et Cie, Paris 1959. 276 pp. 42NF. 


‘THE present volume of Actualités Neurophysiologiques is the first of a series of publications 
from the Sorbonne which represent a documentation of lectures given at the Faculty of 
Sciences of Paris. The contributors are invited to speak on a subject of their choice within 
their field of work, and contributions are drawn from the field of Neurophysiology in the 
widest sense of the term. The papers as published are transcripts from tape recordings 
translated into French where necessary and edited by the authors. The present volume 
contains contributions by: Lord E. D. Adrian, A. Arvanitaki-Chalazonitis, P. Bessou, 
M. Bonvallet, J. Colle, E. Coraboeuf, Ragnar Granit, M. Guillot, H. K. Hartline, R. 
Humbert, B. Katz, Y. Laporte, Raoul Michel May, J. Malméjac, R. Margaria, J. Massion, 
A. Monnier, A. M. Monnier, J. Paillard, R. Stémpfli, O. Wyss. 

Subject matters cover Sensory Physiology; Physiology of the Nerve Fibre and Reflex 
Systems; Physiology of the Central Nervous System; Humeral Physiology; Neuromuscular 
and Heart Physiology. 

This represents a very wide field dealt with by a galaxy of the leading exponents of 
their subjects. To be honest, I had anticipated having to read my way through highly 
technical progress reports on the various topics, which would be of greater importance to 
the specialist research worker rather than to the general reader interested in the field of 
neurophysiology. Nothing could be further from the truth. Paper after paper was found 
to present a lively, intelligible and generally informative account of the problem, stock- 
taking of achievements, and delineation of the frontiers of knowledge reached in the subject. 
In most cases the French is so lucid that one often forgets one is reading an account in a 
foreign language. I have not in recent times come across a better source of information on 
the present state of neurophysiology. 

It is rather invidious to pick out what might be considered the highlights of the present 
series. Among them Lord Adrian’s account on the Electric Reactions of the Olfactory 
System, Hartline’s paper on the Activities of Receptors and the Sensory Integration in the 
Limulus Eye; the article on the Structure and Biochemical Models of the Membrane of 
Nerve Fibres by A. M. and André Monnier; Ragnar Granit’s progress report on his recent 
work on the Interactions of Neuro-muscular Processes in the Isometric Postural ‘Tonus, 
followed by J. Paillard’s account on Some Recent Data on the Functional Organization of 
the Spinal Cord; the article by Dr. Wyss on the Bulbar Respiratory Reflex Centres, and 
the article by M. Bonvallet on the Relations between Cortical and Reticular Activity, may 
be mentioned as specially informative. The introduction contains a short account on the 
scientific personalities of the contributors. 

The editor and authors of the present series have to be congratulated on having made a 
first-rate contribution to the so very necessary task of bringing order and clarity into what, 
without such concerted actions by the leaders, would become an unmanageable and chaotic 
affair in which one would be bound to lose sight of both the intellectual trends and the 
technical progress in this fundamentally important field of biological science. 


O. LOWENSTEIN 


R. Pirr-Rivers and J. R. Tara: The Thyroid Hormones. Pergamon Press, London 1959. 
xili+247 pp. £2 10s. 


Tue title of this book is itself a reflection of the revolution which thyroid biochemistry has 
undergone, following the introduction during recent years of the use of radioactive iodine 
and the development of chromatographic analysis. Thirty years ago, as the authors point 
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out, it was reasonable to assume that thyroxine and diiodotyrosine were the only iodine- 
containing compounds in the thyroid gland. Today the presence of monoiodotyrosine has 
been established and it is accepted that 3: 5: 3-triiodothyronine must be regarded as a 
thyroid hormone additional to thyroxine, while the presence of two other iodinated 
thyronines has been detected although without any convincing evidence as to their hormonal 
status. The authors present a detailed and lucid account of these matters and from this, and 
from their discussion of the biosynthesis of the thyroid hormones, the reader will obtain a 
very clear picture of the sequence of biochemical processes which are the basis of the 
activity of the gland. He will, however, have to look elsewhere for a discussion of iodine 
binding in the invertebrates, despite the fact that this has been shown in certain instances 
to result in the formation of thyroxine and triiodothyronine. It is, of course, fair to say that 
there is no evidence as yet that these products are of any physiological significance to the 
animals concerned, but the comparative biochemist will not wish to overlook them, for they 
provide the possibility of tracing the origin and evolution of the activity of the thyroid with 
greater precision than seems as yet to be possible for any other of the vertebrate endocrine 
glands. 

After reviewing the physiological actions of the thyroid hormones the authors go on to 
discuss their mode of action, a difficult problem which still constitutes a major challenge 
throughout the whole field of endocrinology. It is quite remarkable, for example, that 
despite our extensive knowledge of the workings of the thyroid gland itself, we still do not 
know why its hormones should have such a long latent period of action. We have witnessed 
recently an energetic pursuit of the idea that this may be a consequence of the necessity for 
the circulating hormones to be converted into so-called ‘“‘active’? compounds before they 
can exert any effect upon their target organs, but the study of analogues of thyroxine has so 
far produced no clear evidence to support this point of view. Here, as with other aspects 
of the problems of hormonal action, new ideas are still required, and in this connexion the 
authors emphasize the interest of the suggestion that it may be the structure of mitochondrial 
membranes which is, so to speak, the target of the thyroid hormones, and which might 
account for their supposed effects on oxidative phosphorylation. 

Accounts of the extra-thyroidal metabolism of iodine and of the hormones complete the 
main substance of this book, which begins with a concise historical introduction and ends with 
a chapter by W. R. Trotter on diseases of the thyroid. The latter will interest biologists for 
its comments on the possible role of genetic factors and of goitrogenic substances in the diet 
as significant elements in the aetiology of thyroid disorders. There seems, for example, to 
be some evidence for a genetic connexion between sporadic goitre and congenital deafness, 
dependent, perhaps, upon some enzyme block which, Trotter suggests, might result in the 
building up of metabolites capable of affecting both the acoustic nerve and the thyroid 
gland. One is reminded of the recent demonstration that the genetically-determined 
capacity for tasting phenylthiourea, itself a well-known goitrogen, appears to determine the 
type of thyroid disease which an individual may develop, perhaps again, as Kitchin et al. 
have suggested, because of some wider biochemical action of the gene concerned. 

Here, then, in the field of the thyroid hormones, the biologist will not lack food for 
thought and, if he wishes to pursue these problems into the lower vertebrates and the 
invertebrates, ample material for investigation. He will have to approach the subject 
from the standpoint of mammalian biochemistry and physiology, and he will be wise to 
regard this book as essential reading for the purpose. Particularly valuable is the way in 
which it integrates with remarkable clarity and orderliness a bibliography of no less than 
1774 titles, an impressive tribute to the energy which has gone into the study of these 
problems, mainly in the higher vertebrates. Perhaps when the lower groups have attracted 
an equal intensity of effort we shall begin to understand what it is that these hormones are 
really doing. 


E. J. W. BARRINGTON 
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The Physiology of Crustaceans. Vol. 1. Metabolism and Growth. Edited by TALBot H. 
WATERMAN. Academic Press, New York and London 1960. xvii+670 pp. $18. £7 11s. 


THE resurgence of interest in comparative physiology during the past decade is emphasized, 
by, among other signs, the willingness of commercial firms to undertake publication of 
scholarly surveys in that field. ‘The volume under review is the first of two on crustaceans ; 
the second will deal with neurophysiology and related topics. he editor has succeeded in 
bringing together articles written by an international group of authors each of whom is 
known for important original contributions to the subject which he surveys. The list 
includes T. H. Waterman (biology, respiration), F. A. Chace (biology), H. P. Wolvekamp 
(respiration), ‘T. W. Goodwin (pigments), M. Florkin (blood chemistry; ecology and 
metabolism), D. M. Maynard (circulation), S. M. Marshall and A. P. Orr (nutrition), 
L. R. Fisher (vitamins), H. J. Vonk (digestion, metabolism), J. D. Robertson (osmotic and 
ionic regulation), G. Parry (excretion), E. B. Edney (terrestrial adaptation), H. Charniaux- 
Cotton (sex determination), R. Dennell (exoskeleton), L. M. Passano (molting), G. Teissier 
(relative growth) and D. M. Bliss (regeneration). 

There is an inevitable unevenness of style in such a volume. The editor has done a 
remarkably good job of eliminating overlapping subject matter and of unifying the diverse 
treatments, but has not always been so successful with stylistic lapses. Such repetition as 
remains—aspects of metabolism, for example, are treated in five of the seventeen chapters— 
at least does not involve the authors in internal disagreements. A few of the chapters seem 
overlong in relation to the relatively small amount of reliable information available; this 
seemed especially so of those on nutrition and vitamins. The authors in general strike a fine 
balance between critical appraisal of the literature and imaginative synthesis of the facts which 


survive such appraisal. 

Literature references are grouped at the end of each chapter, and do not extend beyond 
1958; papers which appeared in the latter year are often patched in in footnotes. Several 
authors make extensive citations of personal communications. This may have the effect of 
bringing the material closer to date, but it deprives the reader of any opportunity of verifying 
for himself the conclusions reached by the author or the facts on which these were based. 
The present reviewer would prefer to have citations limited to published work, especially 
in a book which is inevitably going to be a standard reference for its field. There are 
complete author, species, and subjects indices, and the vexing problem of synonymy has 
been carefully dealt with. The typography of the volume is excellent, except for some pages 
which seem unnecessarily cluttered with headings for paragraphs that say little or nothing. 

Each chapter closes with a summary recalling points of similarity and difference with 
other kinds of animals. "These summaries, and the broad approach which all of the authors 
use, will give the book a firm place in the literature of comparative physiology. In reading 
the book through, one is impressed with the large amount of information available, but also 
with the significant gaps which remain in that information. One of the great services of a 
work of this type is to point to such gaps. One might quarrel with individual authors over 
specific points of interpretation, but this is not the place. On the whole, the book should 
serve as a firm point of reference for many years to come, not only for those physiologists 
and zoologists whose interests centre in the arthropod phylum, but also for those who 
would like to extend their studies to new kinds of animals or to new approaches to the study 
of those animals. Unfortunately, the price of the volume will make access to it difficult for 


those at the beginning of a career. 


B. T. SCHEER 
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NOTICE 


Cahiers de Biologie Marine 


A new journal in Marine Biology and Oceanography 
Edited by G. TEISSIER C. BocQuET P. DracH 
M. FONTAINE C. Levi M. PRENANT 


B. SWEDMARK 


Contents of Volume 1, No. 1 


BoIL_eT, G. La repartition des fonds sous-marins au large de Roscoff. 


ZUCKERKANDL, E. Y a-t-il plus d’un “espace extracellulaire’? chez les Crustacés 
Décapodes ? 


RULLIER, F. Développement de Salmacina dysteri. 

Lev, C. Les Démosponges des Cétes de France. 

BENARD, F. La faunule associée au Lithophyllum incrustans des cuvettes de la 
région de Roscoff. 

Boceauet, C. et Génétique des populations de Sphaeroma serratum. 

‘TEISSIER, G. 

CocGnetTTI, G. Différenciation spécifique et intraspécifique par rapport a l’habitat de 

Syllidiens de la Manche et de la Méditerranée. 
Published by INDERDOC-PERIODIQUES 


12 Rue Pierre Curie 


Paris V 


One volume will appear each year. Each volume will consist of four parts. Price: 60 NF 


per volume. 


Manuscripts to be sent to Professor G. Teissier, Laboratoire de Zoologie, 1 Victor- 
Cousin, Paris V. 
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PAPERS ‘TO BE PUBLISHED IN FUTURE ISSUES 
M. S. LAverack: ‘Tactile and chemical perception in earthworms—II. Responses 
to acid pH solutions. 


J. Rocue, G. SALvaTore et I. CoveL_i: Métabolism de ™'I et fonction thyroid- 


ienne chez la larve (ammocoete) d’un cyclostome, Petromyzon planeri Bl. 


T. D. Luckey: A study in comparative nutrition. 


W. R. FLeminec and A. H. Meter: The effect of mammalian parathormone on 


the serum calcium levels of Fundulus Ransae and Fundulus catenatus. 


U. Kisuimoto: A'l’P-ase activities of adductor and byssus retractor muscles of 


marine molluses, Mytilus and Modiolus. 
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